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1 Preface
Biocompatible interfacial layers are beneficial in many fields of research and for
practical applications to impart biological functionalization to solid materials1,2. The
approach to utilize a thin polymer film providing a cushion for membrane proteins
prevents them from pinning to the support and simulates the native environment of a
lipid bilayer in certain aspects of the extracellular matrix or intracellular structures3,4.
Artificial lipid bilayers formed on solid surface supports are widespread model systems
to study physical, chemical, as well as biological aspects of cell membranes and
fundamental interfacial interactions5. Such approaches are vital for improving
cell–materials interactions on biomaterial scaffolds, studies of receptor signaling in
living cells and the design of biosensing devices. Moreover, supported lipid bilayers
are a promising tool in the increasing efforts to reconstitute cellular functions in
biomimetic environments6,7.
Polymer cushions provide the opportunity to functionally reconstitute membrane
proteins by creating space for extramembrane protein domains in the hydration
water interlayer. Basic requirements for the polymer cushion include good hydration
properties, weak electrostatics, smooth surface topography and well-defined layer
thickness. Polymers used for cushioned lipid bilayers include polyethylenimine,
polyacrylamide, cellulose, and maleic acid copolymers8–14.
The proper performance of cushioned bilayer requires a fine-tuned balance of
interfacial forces between the membrane and the support. This is accomplished
by a complex interplay between short-range and long-range forces including van-
der-Waals forces, electrostatic forces, steric forces and hydration forces. On the
one hand interfacial forces have to be strong enough to preserve the stability and
integrity of the bilayer membrane and to allow for an overcoming of the energy
barrier during bilayer formation15–18. On the other hand too strong interactions
would cause unwanted pinning of membrane proteins to the cushion, which is tried
to be prevented with cushion approach. Weak polyelectrolyte nanometer thin films
seem to be particularly suited for an intermediate attraction regime.
A strategy to serve these demands is the use of a stimuli-responsive polymer (SRP)
cushion. In such systems extrinsic stimuli can induce the hydration of the polymer
cushion, leading to swelling and altered surface characteristics that e.g. influence
protein adsorption strength19. Poly(N -isopropylacrylamide) (PNIPAAm) is one of
the most studied SRP since it shows a lower critical solution temperature behavior
with a sharp phase transition at biologically relevant temperatures around 30◦C20.
Response to other environmental stimuli besides temperature can be imparted by
copolymerisation of NIPAAm with accordingly active monomers. Previous studies
reported on the formation of SRP-cushioned bilayer on the pH-responsive diblock
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copolymer PDMAEMA-PMMA21 and on thermoresponsive PNIPAAm cushions22.
The two reports proved the integrity of the bilayer in both switchable states of the
polymer cushion using neutron reflectivity, but no information on the mobility of
lipid bilayers was provided. This feature is of particular interest as it is a functional
proof of the bilayer characteristics.
In biological membranes processes like the transport of proteins to sites of inter-
est, the formation of major protein clusters or the functional control within lipid
microdomains (lipid rafts) rely on the lateral and rotational mobility of membrane
proteins. The transmembrane adhesion receptor α5β1 integrin was chosen to be in-
vestigated in cushioned membranes as its transport dynamics and clustering behavior
was supposed to play a major role in initial cell adhesion23–25. In polymer-supported
bilayers the membrane protein mobility, aggregation and activity was reported to
be influenced by polymer film properties like thickness, charge and polarity8,12,26.
Hence, one can speculated for cushioned bilayers with incorporated α5β1 integrin
that mobility, activation and clustering processes can be influenced.
The dissertation follows a bottom-up approach, where a model is designed to mimic
crucial elements of the cell adhesion apparatus for the study of structure, function,
and dynamics of lipids and proteins within a bilayer membrane (see Figure 1.1).
The system investigated herein is envisioned to employ extrinsically controllable
SRP cushions to tune the frictional drag between polymer cushion and mobile
membranes with incorporated integrins. Therefore, a PNIPAAm copolymer system
with adjustable carboxyalkylacrylamide comonomer contents and varying alkyl spacer
NH NH
CH2
COOH
O O
(          ) (          )
(           )n
x y
PNIPAAm copolymer
lipid bilayer with integrina b5 1
PGMA anchorage layer
SiO2
temperature
decrease
pH increase
low mobility
high mobility
Figure 1.1: General model of the pursued concept. A lipid bilayer with transmembrane
protein integrin α5β1 is cushioned by the PNIPAAm copolymer system with the given
chemical structure and layer composition. This stimuli-responsive polymer has the property
to change the hydration state by extrinsic stimuli like temperature and pH with the result
of a swelling transition. The work aimed towards the control of membrane mobility and
function.
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lengths (PNIPAAm-co-carboxyAAM) synthesized by Kuckling et al. (2000) was
utilized. This SRP system has a thermo- and pH-dependent phase transition that
can be customized by the composition over a broad range of physiological relevant
temperatures and pH-values and furthermore allows for a possible chemical coupling
of functional biomolecules. In the first part of the work, PNIPAAm-co-carboxyAAM
is covalently attached as nanometer thin film by a grafting-to approach. The swelling
behavior of the resulting copolymer films is characterized using ellipsometry, atomic
force microscopy (AFM) and quartz crystal microbalance with dissipation monitoring
(QCM-D). The latter technique is highly sensitive for dynamic changes of mass and
layer thickness and allows continuous exchange of buffer solution and variation of
temperature. By analyzing the swelling transitions, the specific impact of comonomer
content and alkyl spacer length is discussed. The comparison with the solution
behavior is shown to give insights in surface immobilization effects of SRPs. The
second part will focus on bilayer formation and the influence of extrinsic stimuli on the
diffusion of lipids, which is measured by fluorescence recovery after photobleaching
(FRAP). Bilayers supported by glass are compared to PNIPAAm-co-carboxyAAM
cushions at defined swelling states. In the last part, the results of the integrin α5β1
containing bilayers on the polymer cushions are presented together with an attempt
to use an alternative cushion composed of maleic acid copolymer.
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2 Fundamentals
2.1 Stimuli Responsive Polymers (SRP)
Responsive polymer materials with sensitivity to external stimuli gained much
interest in the recent years. Stimuli-responsive polymers (SRP) undergo a phase
transition from a soluble to an insoluble state upon environmental changes like
temperature, pH, magnetic or electric fields, light, ionic strength, redox potential,
or addition of specifically recognized molecules. Therefore, SRP are currently
explored for the application in different fields including drug and gene delivery28,
biosenss29,30, tissue engineering31–34, microactuators15, electrokinetics35, separation
systems19,36,37, antifouling surfaces38–40, and responsive filters41.
In the next section the physical basics of polymer mixing and critical thermody-
namic terms will be introduced and explained for the understanding and description
of phase transitions and SRP behavior.
2.1.1 Flory-Huggins Thermodynamics of Mixing
The simplest case of mixtures are binary mixtures consisting of two compounds, e.g.
two polymers or a polymer and a solvent. If the two species mix on the molecular
level the mixture is homogeneous. If there are phases with different compositions, the
mixture is heterogeneous. The enthalpy and entropy changes upon mixing determine
these states. Entropy always promotes mixing, enthalpic interactions can lead to
both homogeneous and heterogeneous states. The Flory-Huggins theory is a model
that can nicely describe many properties of mixing and was initially derived for
binary polymer blends42,43. But it will be shown later that it can be applied to
polymers in solution by assuming one polymer being the solvent.
In this section, the equations describing the entropy and enthalpic interactions
will be derived leading to the Flory-Huggins equation. From them, phase diagrams
can be derived. Finally, the Flory-Huggins theory will be shown to be applicable for
systems with a lower miscibility gap, like PNIPAAm solutions are.
When mixing polymer A with volume VA and polymer B with volume VB the
obtained volume fractions are
φA =
VA
VA + VB
and φB =
VB
VA + VB
(2.1)
and it follows that
φA + φB = 1. (2.2)
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a b
Figure 2.1: Lattice model of (a) 32 white and 32 grey particles and (b) a symmetric
polymer blend of 4 chains with 8 monomers of white and grey, respectively. According to
Equation 2.6, the entropy of mixing ∆Smix/R of system (a) is 0.69 and for system (b) 0.087.
Adapted from Rubinstein and Colby (2003).
In the model, a regular lattice (n–number of lattice sites) is used to demonstrate
the contribution of the entropy term. Each position in the lattice is occupied by a
monomer unit of the polymers, as shown in Figure 2.1. An assumption is that there
is no volume change upon mixing and that monomers of both species occupy the
same size of one lattice unit. The entropy S is determined by
S = kB ln Ω (2.3)
with the Boltzmann constant kB and the possible number of independent arrange-
ments of a polymer within the lattice Ω. Preceding mixing, ΩA is the number of
lattice sites occupied by polymer A
ΩA = nφA. (2.4)
The entropy change upon mixing for a single polymer A is
∆SA = kB ln ΩAB − kB ln ΩA = − ln
(
ΩA
ΩAB
)
= −kB lnφA. (2.5)
As φA < 1 it follows from Equation 2.5 that the entropy change is always positive for
mixtures. The number of lattice sites occupied by one polymer NA is equivalent to the
polymerization degree. The number of polymers A in the system is nA = nφA/NA,
and likewise for polymer B. The sum of the entropy contributions of all polymers
nA and nB gives the total change of entropy
∆Smix = −kBNAv
(
φA
NA
lnφA +
φB
NB
lnφB
)
(2.6)
where NAv is the Avogadro number.
6
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In Figure 2.1, two different mixtures both having φA = φB = 0.5 are compared.
The entropy of mixing for the polymer blend in Figure 2.1b is markedly smaller
compared to the particle distribution in Figure 2.1a due to the reduction of possible
molecular arrangements.
The second contribution to the free energy of mixing is the change in enthalpic
interaction, which depends on the kind of local monomer-monomer pair interactions.
The mean field approach assumes that each polymer chain experiences a large
number of interactions with its neighbors and averages all pairwise interactions.
Each monomer has z neighbors within the lattice (z = 4 for a square lattice), but
the probability of a monomer A interacting with monomer B is reduced to φB . The
potential energy per lattice site for both polymers is
polymer A :
z
2
φBkBTχ′ (2.7)
polymer B :
z
2
φAkBTχ′. (2.8)
The division by 2 accounts for pairwise interactions and prevents double counting.
The dimensionless interaction parameter χ′ is introduced as a measure for the
difference in contact energy upon mixing between A and B. To obtain the total local
interaction free enthalpy ∆Gloc the previous terms are summarized for the whole
system
∆Gloc = kBNAvT
z
2
(φAφB + φBφA)χ′. (2.9)
With χ = zχ′ and the gas constant being R = kBNAv Equation 2.9 becomes
∆Gloc = RTφAφBχ. (2.10)
Positive ∆Gloc will counteract mixing; if it is zero the mixture behaves ideal and
purely entropic; and negative interaction enthalpy favors mixing, depending on the
interaction parameter χ. When the affinity for the own species is smaller than to
the other one, χ is negative. χ is temperature dependent and can be experimentally
determined or estimated for certain types of interactions with the aid of tabulated
data and can be used to predict mixing behavior. The two empiric parameters
A (entropic part) and B (enthalpic part) are frequently used to approximate the
temperature dependence of χ according to
χ(T ) ≈ B/T +A. (2.11)
The entropic part is caused by volume changes that can occur due to altered packing
density of the mixed species. As the Flory-Huggins theory is based on the assumption
of constant volume upon mixing, this minor effect is put into χ.
Both terms ∆Smix and ∆Gloc contribute to the Gibbs free enthalpy of mixing
∆Gmix:
∆Gmix = ∆Gloc − T∆Smix. (2.12)
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Application of Equations 2.6 and 2.10 result in the Flory-Huggins equation for
polymer blends:
∆Gmix = RT
(
φA
NA
lnφA +
φB
NB
lnφB + χφAφB
)
. (2.13)
The system of a polymer mixture in solution is in its equilibrium state when
∆Gmix reaches its minimum. Thus, a homogenous mixture is stable when its free
energy is lower than that for the state of a phase separated system.
The conditions
∂∆Gmix
∂φ
= 0 binodal (2.14)
∂2∆Gmix
∂φ2
= 0 spinodal (2.15)
∂3∆Gmix
∂φ3
= 0 critical point (2.16)
define the demarcations between homogenous and heterogenous mixtures (binodal),
metastable and unstable phase (spinodal) and the critical point denotes the limit
for the occurrence of demixing for any composition. The miscibility gap contains
metastable and unstable regions. In the unstable region where ∆G′′mix < 0, ev-
ery fluctuation in composition lowers ∆Gmix and leads to spontaneous (spinodal)
decomposition. In the metastable region where ∆G′′mix > 0, but ∆Gmix is higher
for the homogenous than for the heterogeneous mixture, the mixed state is stable
upon small fluctuations and phase separation occurs only by nucleation or larger
disturbances.
The temperature dependence of ∆Gmix can be used to construct phase diagrams
that show one phase, two-phase, and metastable regions in dependence on compo-
sition. This is done in Figure 2.2 for the case of a symmetric polymer blend with
NA = NB = N :
∆Gmix
RT
= (φ lnφ+ (1− φ ln(1− φ+Nχφ(1− φ)) (2.17)
while also considering the temperature dependence of χ (Equation 2.11) with A
being negative and B positive. For temperatures larger than the critical temperature
(T > Tc), the homogeneous mixture is stable for every composition. For lower
temperatures (T < Tc), there is a miscibility gap bordered by the binodal.
For the description of polymer solutions instead of blends one polymer species
simply can be regarded as the monomeric solvent, NB = 1, NA = N . Hence,
φA = φ = 1− φB and Equation 2.13 reduces to
∆Gmix = RT
(
φ
N
lnφ+ (1− φ) lnφ+ χφ(1− φ
)
. (2.18)
Figure 2.2 shows a hypothetical polymer blend where phase separation occurs
upon cooling as χ decreases with increasing temperature (A < 0, B > 0, see
8
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Figure 2.2: Construction of phase diagrams. (Top) The Gibbs free enthalpy of mixing
in dependence of the volume fraction as described by the Flory-Huggins equation of a
hypothetical symmetric polymer blend with the parameters N = 100;A = −0.01;B = 1◦C.
(Bottom) Corresponding phase diagram with the construction lines exemplarily shown for
25◦C and the resulting critical temperature of 33.3◦C. The diagrams are based on Rubinstein
and Colby (2003) and Strobl (1997).
Equation 2.11), resulting in a lower miscibility gap and accordingly an upper critical
solution temperature (UCST). In the opposite case, increasing temperature leads
to higher χ (A > 0, B < 0). Such systems have an upper miscibility gap and a
lower critical solution temperature (LCST). The general behavior is summarized in
Figure 2.3. For clarity it should be pointed out that the term LCST is often used
in a wrong way in current publications, which can lead to confusion. It has to be
distinguished between the phase transition temperature TP as a point on the binodal,
the critical point (Tc, φc) and the general solution behavior. Correct terminology is
the LCST as the lowest TP of all polymer compositions with an upper miscibility
gap.
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Figure 2.3: Schematic phase diagrams showing the binodals of polymer solutions or binary
polymer blends with emphasis on the critical points: lower critical solution temperature
(LCST) and upper critical solution temperature (UCST).
2.1.2 Principles of PNIPAAm phase transitions
Poly(N -isopropylacrylamide) (PNIPAAm) was first described by Heskins and Guillet
(1968) to be an interesting polymer with LCST behavior. It is currently the SRP
examined in most detail because it has a distinct LCST behavior with a TP around
30◦C in dilute aqueous solutions20. With TP in the physiologically relevant range,
PNIPAAm is of high interest for biological applications.
Figure 2.4 gives an impression of the dominant impact of the entropy effect on
the phase separation of PNIPAAm. The contributions of ∆Gloc and T∆Smix to
∆Gmix (Equation 2.12) are shown. Below a mole fraction of about 0.35 ∆Gmix for
the phase-separated state is lower. As a system tends to stay in a state of minimal
free energy, PNIPAAm does not dissolve in water. The large positive entropy term
more than compensates for the enthalpy term. At higher concentrations, there is no
difference between ∆Gmix for the two-phase and one-phase system with the result
of mixing.
In general, the interaction of the polymer chain with the solvent determines its size
and swelling behavior. In a good solvent, the polymer tries to maximize its contacts
with the solvent molecules which leads to swollen coils. Poor solvent conditions make
the polymer chains collapse to small globules. Importantly, the quality of a solvent
depends on temperature. For polymers with LCST behavior low temperatures make
good solvent conditions, above TP the solvent condition changes to poor. During
the coil-to-globule transition, polymer particle collapse and get densely packed. The
tendency to minimize polymer–solvent contacts further leads to aggregation of the
globules and the formation of precipitate (see Figure 2.5).
The molecular mechanism of the LCST behavior of PNIPAAm can be explained
by competing attractive and repulsive interactions between specific groups of both
involved molecular species. The stimuli-responsive phase transition of the PNIPAAm
originates from hydrogen bonds forming between the oxygen of NIPAAm chains
10
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Figure 2.4: Thermodynamic
functions ∆Gmix, ∆Gloc, and
T∆Smix of PNIPAAm in wa-
ter at 40◦C in dependence of
its volume fraction. The single
solution phase (dashed line)
and the two-phase system (solid
line) are compared. The dia-
gram is taken from Heskins and
Guillet (1968).
and water molecules below TP , see Figure 2.6. In this state the polymer can be
considered hydrophilic and in a good solvent state. Above TP these hydrogen bonds
are entropically disfavoured for the benefit of inter- and intramolecular PNIPAAm
hydrogen bonding resulting in phase separation and collapse of the polymer. At this
state, the interactions between the hydrophobic domains (the polymer backbone and
the isopropyl groups of the side chain) dominate and the water is a poor solvent for
the polymer.
2.1.3 Tuning of Phase Transition by Copolymerization
To extend the application range of the thermoresponsive PNIPAAm, copolymeriza-
tion of NIPAAm with other monomers is used to adjust the LCST to appropriate
temperature ranges, to improve the swelling degree, or to modify the response time
of the phase transition33,48–51. Beyond that, functional groups were introduced into
SRP to gain a sensitivity of the phase transition to additional external stimuli or to
couple biomolecules and gain active ligands for cell adhesion or growth factor bind-
ing52–54. Copolymerization of NIPAAm with monomers exhibiting charged groups
like carboxylic groups is one strategy to impart the responsiveness of SRP towards
the acidity of the local environment by affecting the balance of hydrophilic and
hydrophobic components of the polymer and therefore its tendency for the formation
of intra- and intermolecular hydrogen bonds. Commonly used comonomers include
11
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a b c
coil globule aggregate
Figure 2.5: Switching of solubility of aqueous PNIPAAm. Image (a) was taken below TP ;
(b) and (c) were taken above TP . Image (c) was taken after sedimentation of the precipitate.
The illustrations below depict the polymer chains in good solvent (left) and poor solvent
(middle). The globules can form aggregates and precipitate from solution (right).
acrylic acid (AAc), methacrylic acid (MAAc) and carboxyalkylacrylamide27,55–57, and
(2-(diethylamino)ethyl)-methacrylate, DEAMA) or AAc for block copolymers58,59.
In those approaches the changes in structure, polarity and charge are influenced by
the kind of comonomer, block size or ratio as well as the way of distribution along the
polymer chain. By that, the responsive behavior of the SRP is controlled. In general,
the phase transition in those polymer systems is a result of the balance between
hydrophilic and hydrophobic groups and their structural relation as they affect the
formation of intramolecular hydrogen bonds in aqueous environment52,58,60.
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Figure 2.6: Scheme of the hydrogen bond formation above and below the phase transition
temperature along a PNIPAAm chain taken from Gramm (2006).
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spacer length
Cn YAAm
comonomer
content mol-%
C2 C5 C10
AAm2
AAm5
AAm10
Figure 2.7: Chemical structure of PNIPAAm-co-carboxyAAm. The abbreviation CnAAmy
is used to denote the length of the alkyl spacer n (2, 5 or 10) and the content of comonomer
y (2, 5 or 10 mol-%).
The degree of hydrophobicity influences the phase transition temperature of PNI-
PAAm27,60–62. When polar groups are introduced, TP will shift towards lower temper-
atures. There are mainly two different approaches to modify the molecular structure
of PNIPAAm for altering TP . One is the utilization of comonomers48,50,51,63,64, the
other approach is to modify the sidechain of the PAA directly28,52. A combination
of both is used for PNIPAAm-co-carboxyAAM.
The copolymer system PNIPAAm-co-carboxyAAM was synthesized by Kuckling
and coworkers27, for details see also chapter 3.1.1. Its chemical structure is given in
Figure 2.7. The polarity was decreased by aliphatic groups, C-spacers, introduced at
the amide group. In this way, the hydrogen bonding possibility at the oxygen respon-
sible for the LCST functionality is maintained. The sidechains of the comonomers
are terminated by a carboxyl group.
In Figure 2.8, the influence of the copolymer composition on the phase transition
behavior in dependence of pH and temperature is shown. The higher the comonomer
content is, the more pH-responsive the copolymer gets (Figure 2.8a). The pH-value
determines the extent of the protonation of the carboxyl groups. The influence sets in
near the pKa of the carboxyl group around 6. At acidic conditions in the protonated
form the comonomer content plays no role. For increasing C-spacer lengths TP shifts
to lower temperatures evenly for all pH values (Figure 2.8b). Pure PNIPAAm is
insensitive to pH changes. Taken together, the PNIPAAm-co-carboxyAAM system
nicely demonstrates the impact of molecular architecture on temperature and pH
dependent phase behavior for a polymer with an upper miscibility gap.
2.1.4 Polymer Anchoring Strategies
The phase transition behavior of SRP can be drastically altered if they are attached
to solid supports: grafting, cross-linking density, and intermolecular forces from
the supporting substrate can affect the phase transition behavior51,60,62,65. The
choice of the immobilization method can be critical for the conservation of the
desired responsive characteristics of the SRP. Layer thickness, surface roughness,
density of anchorage points, possible changes in chemical composition, the degree
of cross-linking and the conformational freedom of polymer chains are parameters
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Figure 2.8: pH-dependency of TP of aqueous PNIPAAm-co-carboxyAAM solutions. (a)
shows the dependency on the comonomer content for a length of the C-spacer of 5. (b)
shows the dependency on the C-spacer length for a comonomer content of 5%. Lines are
drawn to guide the eye. The data is taken from Kuckling et al. (2000).
and issues that need to be considered to possibly influence the responsiveness
and surface properties. Different grafting-from and grafting-to approaches were
previously studied. Common examples include polymer brush synthesis, layer-
by-layer deposition, block copolymer self-assembly, end-group grafting as well as
cross-linking by UV-, plasma-, electron beam and chemical inductions58,60,62,66–68.
Besides possible changes in chemical structure due to the preparation methods,
those reports could not satisfactorily explain observed differences in swelling and
phase transition behavior between grafted polymer layers and polymers in solution.
Among supposed explanations were constraints of the solid surface, differences in
the cross-linking profile, chemical heterogeneities on the surfaces and orientation of
isopropyl groups towards the solvent.
2.2 Biological Membranes
Biological membranes evolved as a common principle in the architecture of life, due to
the need for a barrier between cells and their environment. These lipid membranes are
a peculiar construct shared by many cellular structures, see Figure 2.13a. They fulfill
mechanical functions like transport, motility and endocytosis and biochemical tasks
for energy transduction, immunology, nerve signal transmission and biosynthesis.
The self-assembling amphiphile bilayer film is only 5 nm thick, which enables to build
up small structures (e.g. caveolae, vesicles) with large surface-area-to-volume ratios
(e.g. Golgi, ER). In dependence on size, polarity and charge, most molecules cannot
penetrate this membrane. Exceptions are gases like oxygen and carbon dioxide, and
small uncharged molecules like urea and ethanol. Separated reaction compartments
are prerequisite for many chemical reactions to take place. Functional molecules like
proteins and carbohydrates are embedded and trapped in the bilayer by hydrophobic
domains or connections to lipids either permanent or temporarily (Figure 2.13 b).
Transport sytems like ion channels control the uptake and removal of molecules and
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a
b
Figure 2.9: (a) Biological membranes are part of many substructures in cells, fulfilling
a large variety of functions. Also note the different curvatures within and between the
membranes. Sketch taken from Israelachvili (1992) (b) Different lipids (A, B) including
cholesterol (C) and proteins (D) are part of biomembranes (E). Illustrations are from
Heimburg et al. (2005).
ensure the selective permeability. Depending on the species, the tissue and also the
site within the cell, whether cell membrane or organelle, the lipid composition is
adapted by evolution to fulfill the specific tasks. Even the lipid distribution for the
two membrane leaflets can be different.
The two-dimensional fluid character enables flexibility and lateral transport. The
lateral organization in lipid microdomains (rafts) and vertical organization (lipid
asymmetry) further provide complexity and functionality to the bilayer. There are
thousands of different lipids that cells synthesize, 5% of their genes occupy important
places in their genome71. Approximately 30% of human genes code for membrane
proteins and more than 50% of all proteins interact with membranes72. These facts
emphasize the importance of studying biological membranes. Membrane proteins
are inherently hard to isolate and to characterize. When not embedded in the
lipid bilayer, membrane proteins usually lose their three-dimensional structure and
functionality.
2.2.1 Supported Lipid Bilayer as Model Membrane
Supported lipid bilayer are frequently used as model system to study diverse aspects
of cellular membranes5. Compared to free-standing bilayers or giant vesicles they
have a high mechanical stability. As they are planar, a variety of surface-sensitive
techniques can be used for characterization including diverse microscopy techniques,
attenuated total reflection Fourier transform infrared spectroscopy, surface plasmon
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resonance, ellipsometry, AFM, QCM-D, and streaming current measurements. There
are techniques that can be used to study aspects of membrane lipids and proteins in its
native environment. So-called ghost membranes are lysed cells, where the membrane
forms intact vesicles. The patch clamp technique probes small cell membrane areas
sucked in by glass capillaries for its electrophysiological properties and is commonly
used to study ion channels. With the bubble collapse deposition native membranes
patches can be transferred to supported substrates73–75. A drawback of these models
is the high complexity of interactions between lipids and membrane proteins that
makes it difficult to dissect individual aspects of interest.
An overview of planar membrane model systems is given in Figure 2.10a. Sup-
ported lipid bilayers allow for a free lateral and rotational diffusion of lipids in
two-dimensions and provide the matrix for membrane associated proteins. That
makes them a most helpful tool to study wide scale aspects of membrane properties,
including electrostatic characteristics76–78 lipid phase behavior79–81, intermembrane
interactions10,82,83 and analyzes of membrane protein interactions at lipid bilay-
ers84–87. The understanding of receptor signaling in living cells as well as the design
of biosensing devices are among numerous applications. Moreover, supported lipid
bilayers are a promising tool in the increasing efforts to reconstitute cellular functions
in biomimetic environments6,7.
Lipid bilayers on solid supports are generally known to be stable and reproducible
experimental systems on glass, SiO2 and mica88. But also other materials like
aluminum89, indium tin oxide90 and self-assembled monolayers76 can be applied.
A thin water layer of around 1 nm in height91–93 is ever-present between the solid
support and the membrane. This lubricating film enables free diffusion of the lower
lipid monolayer. When membrane proteins are incorporated, down-facing domains
can overcome this gap and interact with the underlying surface. Consequences can
be increased friction and slowed down mobility, but mostly pinning to the surface
and conformational changes resulting in loss of protein functionality is observed5.
Freely suspended lipid bilayers are known as black lipid membranes, as they
have large electrical resistance. Such systems are frequently used for the study of
pore-forming proteins like ion channels by impedance spectroscopy. They are limited
by their high instability and short life time. Vesicular systems can be used to probe
the surface-lipid interaction94,95 and dynamics and interactions between individual
lipid vesicles96.
Both polymer-cushioned and polymer-tethered lipid bilayers follow the approach
to use a thin polymer film to prevents membrane proteins from pinning to the
support and mimic the native environment of a lipid bilayer in certain aspects of the
extracellular matrix or structural components of the cytoplasm3,4,8. At the same
time, more space is available for extra-membrane protein domains in the hydration
water interlayer. Polymer-tethered lipid bilayers utilize linear polymers as link and
spacer coupled between substrate and lipids. Tethered bilayers have the advantage
to be more stable due to the connection between bilayer and support. However,
depending on the density of the tethers, they act as obstacles for incorporated
proteins and the lipids bound to the tethers are severely restricted in mobility.
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or supported vesicular layers22,35(Figure 1). In parallel, a multitude
of methods has been proposed to create such biomimetic edifices,
including Langmuir-type approaches (Langmuir-Blodgett or
Langmuir-Scha¨fer deposition)36-39and the spreading of vesicles
on various preconditioned supports.20,38,40-44
The spreading of small lipid vesicles on hydrophilic solid
supports, pioneered by McConnell et al.,25 presents an attractive
and simple route to form supported lipid bilayers (SLBs). The
one-step procedure allows creating SLBs of different lipid
mixtures.45,46 The fact that such SLBs form a fluid two-
dimensional space allowing free diffusion in translation and
rotation of lipid molecules and lipid-associated proteins makes
them well suited to analyze lipid domain formation,13,47-54
intermembrane interactions,55-57 or membrane processes such
as protein adsorption,58,59 protein self-assembly,13,48,60protein
localization at lipid phase boundaries,12 or protein function.37
The self-organization steps involved in this methodsvesicle
adsorption, rupture, and spreading into planar membraness
present fundamental interest in colloidal and interfacial science.
Both theoretical61-63and experimental work41,45,64-70during the
past decade have considerably improved the general understand-
ing of this process, and a detailed image of the structural
intermediates and the driving forces is now emerging. Figure 2
shows four archetypes of lipid deposition processes, as followed
by quartz crystal microbalance with dissipation monitoring
(QCM-D). The QCM-D technique has proven very valuable to
screen the overall properties of the lipid deposition,41 thanks to
the dissipation parameter that allows distinguishing between
intact, adsorbed vesicles (high dissipation) and bilayer patches
(low dissipation). As shown in the schemes in Figure 2, vesicles
either do not adsorb (Figure 2A), adsorb and remain intact, giving
rise to a supported vesicular layer (SVL) (Figure 2B), or form
an SLB (Figure 2, panels C and D). Notably, SLB formation can
occur via two scenarios with distinctly different kinetics. In one
case, vesicles rupture quickly upon interaction with the solid
support (Figure 2D), whereas in the other, a large amount of
intact vesicles is adsorbed at an intermediate state of the process
(Figure 2C).
Recent technical developments, combining QCM-D and atomic
force microscopy (AFM), have allowed us to characterize the
intermediate states leading to SLB formation in unprecedented
detail. Here we present an overview of work performed in our
group that sheds light on the mechanisms and critical parameters
involved in the formation of SLBs as well as on the properties
and the quality of the resulting SLB.
Mechanism of SLB Formation
To satisfactorily describe the mechanism of SLB formation,
two critical steps in this process need to be understood: (i) the
adhesion and rupture of vesicles on the support and (ii) the
evolution of the supported bilayer patches thus formed into a
complete SLB. Figure 3 provides an overview of mechanisms
of vesicle rupture that have been reported or suggested in the
literature.
Stability of Adsorbed Vesicles.A simple rationale to evaluate
the binding and the stability of surface-bound vesicles was
provided by the theory of Seifert and Lipowsky.62,71 In their
continuum approach, where the bilayer is treated as a thin two-
dimensional sheet embedded in three-dimensional space, the
balance between the gain in adhesion energy (as given by the
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Figure 1. Surface-confined membrane models: (A) solid-supported
lipid bilayer; (B) polymer-cushioned lipid bilayer; (C) hybrid bilayer,
consisting of a self-assembled monolayer (e.g., thiols on Au or silanes
on glass or silica) and a lipid monolayer; (D) tethered lipid bilayer;
(E) freely suspended lipid bilayer; (F-G) supported vesicular layers.
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Figure 2.10: Integration of transmembrane proteins in supported planar lipid bilayer model sys-
tems: (A) direct protein-substrate contact on a solid supported membrane, (B) ion
channels in a supported lipid membrane on a porous substrate, (C) transmembrane
proteins in a tethered supported lipid bilayer membrane, (D) proteins integrated in
a supported lipi bilayer membrane a hydrated cushion. Schemes based in parts
on ref. [2].
[24, 63, 88] have integrated a variety of transmembrane proteins (cytochrom b5, annexin V,
SNARE complex) into a polyethyleneglycol cushioned sLBM with varying success. Compared
to tLBM, their work is b sed on a tether polym r cushion. Thus the results strongly relied
on the grafting density of the lipopolymer. Their results suggested the best diffusion behaviour
for a polymer grafting concentration just below the mushroom to brush transition. In a part of
their work the authors observed only 25% mobile fraction of the total protein amount [63]. In
one of their later work they found almost complete lateral mobility on the SNARE complex on
their polymer cushion [88].
A striking example of a ’real’ T P was published by Gönnenwein et al. [25] with the incor-
poration of the  IIb3 integrin in a cellulose sLBM. The cellulose cushion provided a well suited
substrate with a mobile, adequately oriented receptor fraction of 25% and a long range diffusion
coefficient of about 0.6 m2 s−1. Purrucker et al. [89] studied the dependence of the diffusion
behaviour for the same tmp  IIb3 integrin on the tether concentration in a tLBM. They found
a strong dependence of the diffusion behaviour on the frictional coupling (decrease in mobility
due to increase in teth r concentration). In comparison to the Gönnenwein approach [25] the
diffusion coefficient was approximately 6 times reduced.
In a recent study Merzlyakov et al. [61] critically revisited the role of PEG-cushioned sLBM.
No experimental evidence was observed for the hypothesis that this particular cushion increased
the lateral mobility of the incorporated transmembrane domain of FGFR3 compared to solid
sLBM. They concluded that the decrease in lateral mobility was not caused by specific protein-
cushion interactions. Not surprisingly, the method of bilayer deposition was rendered the most
18
2 Fundamentals
A B
C D
Figure 2.10: Integration of transmembrane proteins i supported planar lipid bilayer model sys-
tems: (A) direct protein-substrate contact on a solid supported membrane, (B) ion
channels in a supported lipid membrane on a porous substrate, (C) transmembrane
proteins in a tethered supported lipid bilayer membrane, (D) proteins integrated in
a supported lipid bilayer membrane on a hydrated cushion. Schemes based in parts
on ref. [2].
[24, 63, 88] have integrated a variety of transmembrane proteins (cytochrom b5, annexin V,
SNARE complex) into a polyethylenegly ol cushioned sLBM with varying success. Compared
to tLBM, their work is based on a tethered polymer cushion. Thus the results strongly relied
on the grafting den ity of the lipopolymer. Their results suggested the best diffusion behaviour
for a polymer grafting concentration just below the mushroom to brush transition. In a part of
their work the authors observed only 25% mobile fraction of the total protein amount [63]. In
one of their later work they found almost complete lateral mobili y on the SNARE complex on
their polymer cushion [88].
A striking example of a ’real’ TMP was published by Gönnenwein et al. [25] with the incor-
por tion of the  IIb3 integrin in a cellulose sLBM. The cellulose cushion provided a well suited
substr te wit a mobile, adequately oriented receptor fraction of 25% and a long range diffusion
coefficient of about 0.6 m2 s−1. Purrucker et al [89] studied the dependence of the diffusion
behaviour for the same tmp  IIb3 integrin on the tether conc ntration in a tLBM. They found
a strong dependence of the iffusion behaviour on the frictional coupling (decrease in mobility
due to increase in tether concentration). In comparison to the Gönnenwein approach [25] the
diffusion coefficient was approximately 6 times reduced.
In a recent study Merzlyakov et al. [61] critically revisited the role of PEG-cushioned sLBM.
No experimental evidence was observed for the hypothesis that this particular cushion increased
the l teral mobility of the incorporated transmembrane domain of FGFR3 compared to solid
sLBM. They concluded that the decrea e in lateral mobility was not caused by specific protein-
cushion interactions. Not surprisingly, the method of bilayer deposition was rendered the most
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Figure 2.10: (a) Surface-confined membrane models: (A) solid-supported lipid bilayer; (B)
polymer-cushioned lipid bilayer; (C) hybrid b lay r c nsisting of a s lf-assembled monolayer
and a lipid monolayer; (D) polymer-tethered lipid bilayer; (E) freely suspended lipid bilayer;
(F,G) supported vesicular layers. Taken from Richter et al. (2006). (b) Left: Image of
fluorescently labeled transmembrane proteins (integrins) in a lipid bilayer on bare glass.
Right: Image of fluorescently labeled transmembrane proteins (integrins) in a olymer-
cushioned lipid bilayer. Regenerated cellulose thin films with a thickness of ≈5 nm were
used as cushion. Images are taken from Go nnenwein et al. (2003), illustrations are adapted
from Tanaka et al. (2005) and Renner (2009).
There is o hemical link between membran and substrat for cushion d bilayers.
Figure 2.10b gives an example of the mobilizing effect of a polymer cushion on
membrane proteins. The adhesion rec p o has ransme br e domain and
diffuses laterally in a free membrane. On a bare gl ss substrate the fluorescence is
heter genous, indicating clus er formation, and the pr tei is immobile. When the
same bilayer is formed on a polymer cushion, the transmembrane protein keeps its
mobility and i homogenously distributed.
Poly ers used for cushioned lipid bilayers include polyethylenimine, polyacry-
lamide, cellulose, and maleic ac d copolym rs8–14,99. Tra s embrane pr tei mobil-
ity, aggregatio , and activity was shown to be influenced by polymer film properties
such as thickness, charge, and polarity8,12,2 . In such systems, there is an undisputed
nece sity to find a subtle balance of interfacial forces between the bilayer and the
supporting cushion. On one side, they have to be high enough to grant the stability
and integrity of the bilayer membr ne, and to allow for an overcoming of the energy
barrier during bilayer formation15–18. On th other side, too str ng interactions
would lead to an unwanted pinning of membrane proteins to the cushion, which just
was to be circumvented by the cushio approach. Weak polyelec rolyte nanometer
thin films seem to be particularly suited for an i termediate attraction regime.
There are several methods to form lipid bilayers. The approaches differ in appli-
cability, elaborateness, remaining solvent in the bilayer and some are better suited
for particular surfaces. Amongst them are Langmuir-Blodgett/Langmuir-Schäfer,
where a lipid monolayer is self-assembles at the air-water interface and is trans-
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ferred to the support by vertical or horizontal dipping, respectively. Spincoating of
lipids100, solvent exchange deposition101, and painting bilayers102 are methods that
are used, too. The most common method currently used is the bilayer formation
by vesicle rupture. Small unilamellar vesicles (SUV, 15-30 nm) or large unilamellar
vesicles (LUV, 50-200) can be used. Due to the high internal tension, the vesicles
spontaneously rupture upon contact with hydrophilic surfaces. Parallel mechanisms
are fusion of neighboring adsorbed vesicles and bilayer induced rupture of vesicles
touching bilayer patches97.
2.2.2 Lipid Chemistry
Lipids are naturally occurring compounds that are not soluble in water. Most lipids
are fatty acids or esters thereof. Lipids have four general functions. (i) Primary
biological energy storage due to their high chemical energy density. (ii) Building
blocks of biological membranes. (iii) Thermal isolation and mechanical shield (iv)
Messengers in signaling processes and precursors of hormones.
The lipid composition of biological membranes varies throughout the cell (Fig-
ure 2.11). Phospholipids are the major constituent of biological membranes, followed
by glycolipids and sterols. Phospholipids (Glycerophospholipids is the correct term)
can be distinguished by their polar head groups that are esterified to the glycerol
(Figure 2.12). The most abundant headgroups are choline (phosphatidylcholine,
PC), serine (PS), glycerol (PG), and inositol (PI). In native phospholipids, the fatty
acid at position sn-1 is saturated and unsaturated in sn-2. The length of the fatty
acid residue in terms of C-atoms (always even numbered for natural fatty acids)
and their degree of unsaturation are usually enough to characterize the fatty acid.
Natural monounsaturated fatty acids are always in cis-configuration giving them
the characteristic kink that is substantial for membrane thermodynamic properties
lowering the melting temperatures. A simple notation is for example 18:1 for oleoyl
(18 C-atoms and cis-9 monounsaturated). A lipid composed of two oleic acids
and PC as headgroup is abbreviated DOPC (di-oleoyl-phosphatidylcholine), POPC
stands for palmitoyl-oleoyl phosphatidylcholine. Sphingomyeline (SM) and PC have
the same headgroup, but the backbone of SM is based on sphingosine with a long
hydrocarbon chain and a fatty acid. The polar headgroup of cholesterol (Chol) is
just an OH-group; the unpolar domain is composed of a sterane derivative and a
short hydrocarbon chain.
The charge of lipids is determined by their headgroup. Emerging from the
phosphate group esterified to the glycerol backbone, the charge of the phospholipid
base structure is negative. The net charge depends on further groups like choline or
serine and is zwitterionic or negative. The separation of the charge has implications
for the lateral organization and interaction between adjacent lipids and mechanical
properties. Cationic lipids are rare in native membranes, which certainly is linked
to hamper coulomb interactions with proteins and sugars being largely anionic
themselves. Besides diacylglycerols and prostaglandin, cholesterol is the major
neutral lipid with a special role in membrane structure. Despite their different
18
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Mitochondria have bacterial lipids. Significant levels of 
lipid synthesis occur in the mitochondria. mitochondria 
synthesize LPA29, of which a substantial amount is used 
for triacylglycerol formation30. They also synthesize PA 
and phosphatidylglycerol (PtdGro), which is used for 
the synthesis of CL, a lipid that is unique to the mito-
chondria, as well as Ptdetn. Decarboxylation of PtdSer 
produces mitochondrial Ptdetn, which is exported 
to other organelles in both mammals and yeast31. 
The presence of PtdGro and up to 25 mole percent of 
CL in the inner membrane32, in addition to its high 
Ptdetn/PtdCho ratio, are reminiscent of the bacterial 
origin of this membrane and are probably required 
for oxidative phosphorylation. The sterol content of 
mitochondria is generally low, except for cells that are 
involved in steroid hormone synthesis, in which the 
mitochondria import and metabolize cholesterol in 
concert with the er33.
Figure 2 | lipid synthesis and steady-state composition of cell membranes. The lipid composition of different 
membranes varies throughout the cell. The lipid compositional data (shown in graphs) are expressed as a percentage of the 
total phospholipid (PL) in mammals (blue) and yeast (light blue). As a measure of sterol content, the molar ratio of cholesterol 
(CHOL; in mammals) and ergosterol (ERG; in yeast) to phospholipid is also included. The figure shows the site of synthesis  
of the major phospholipids (blue) and lipids that are involved in signalling and organelle recognition pathways (red).  
It should be appreciated that the levels of signalling and recognition lipids are significantly below 1% of the total 
phospholipid, except for ceramide (Cer). The major glycerophospholipids assembled in the endoplasmic reticulum (ER)  
are phosphatidylcholine (PtdCho; PC), phosphatidylethanolamine (PtdEtn; PE), phosphatidylinositol (PtdIns; PI), 
phosphatidylserine (PtdSer; PS) and phosphatidic acid (PA). In addition, the ER synthesizes Cer, galactosylceramide (GalCer), 
cholesterol and ergosterol. Both the ER and lipid droplets participate in steryl ester and triacylglycerol (TG) synthesis. The 
Golgi lumen is the site of synthesis of sphingomyelin (SM), complex glycosphingolipids (GSLs) and yeast inositol sphingolipid 
(ISL) synthesis. PtdCho is also synthesized in the Golgi, and may be coupled to protein secretion at the level of its 
diacylglycerol (DAG) precursor. Approximately 45% of the phospholipid in mitochondria (mostly PtdEtn, PA and cardiolipin 
(CL)) is autonomously synthesized by the organelle. BMP (bis(monoacylglycero)phosphate) is a major phospholipid in the 
inner membranes of late endosomes26 (not shown). PG, phosphatidylglycerol; PI(3,5)P2, phosphatidylinositol-(3,5)-
bisphosphate; PI(4,5)P2, phosphatidylinositol-(4,5)-bisphosphate; PI(3,4,5)P3, phosphatidylinositol-(3,4,5)-trisphosphate;  
PI4P, phosphatidylinositol-4-phosphate; R, remaining lipids; S1P, sphingosine-1-phosphate; Sph, sphingosine.
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Figure 2.11: Composition of membrane lipids in five cellular membranes f m mma s (blue)
and yeast (light blue). The cholesterol content (and ergosterol content for yeast) is given as
molar with respect to phospholi ids. The site of synthesis of the phospholipids is marked blue
and important lipids for signalling are red (below 1% of total phospholipid). The abbrevia-
tions re: endop asmic reticulum (ER), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidic acid (PA), galacto-
sylceramide (GalCer), triacylglycerol (TG), sphin omyelin (SM), glycosphing lipids (GSLs),
yeast inositol sphingolipid (ISL), diacylglycerol (DAG), bis(monoacylglycero)phosphate
(BMP), phosphorylated phosphatidylinositols (PI(3,5)P2, PI(4,5)P2, PI(3,4,5)P3, PI4P),
sphingosin -1-ph sphate (S1P), remaining li ids (R), sphingosine (Sph). I lustration taken
from van Meer et al. (2008).
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Figure 2.12: Classification of membrane lipids based on their structure. Adapted from
Fantini et al. (2002).
charge, the polar head groups in all phospholipids and many other lipids can pack
together into the characteristic bilayer structure.
The two acyl chains can differ in their length, also between each other, and the
degree of unsaturation. A coarse fit of the chain length is essential for bilayer
formation. Both chain length and number of double bonds (cis for natural fatty
acids) mainly determine their melting temperature TM and, hence, fluidity of the
bilayer.
Lipids can be extracted from native tissues or purified individual components.
The lipid composition of the extracts resembles the native state. Separated lipids
have the same headgroups but differ in their fatty acid composition, depending on
the source tissue, regarding chain length and degree of unsaturation.
Lipids can also be synthesized to have the desired fatty acid composition. With
synthetic lipids homogeneity is available. Both fatty acid chains can be identical
or have two different saturations for instance. Off course, the uniform structure
transfers to the properties of bilayers with defined melting temperatures TM and
further physical properties like bending rigidity, phase separation properties and also
intrinsic lipid mobility. Synthetic lipid production makes cationic lipids available like
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Dioleoyl-trimethylammonium-propane (DOTAP; for the structure see Figure 3.5).
DOTAP is the most prominent lipid for liposome transfection of eukaryotic cells with
DNA, RNA, proteins and other particles. It is considered to be non-cytotoxic below
a concentration of 150 µgml−1. DOTAP or mixtures with other phospholipids like
PE spontaneously form vesicles or encapsulate the particles and enable the fusion
and bridging of the cell membrane by strong electrostatic interaction, as native cell
membranes are negatively charged.
2.2.3 Lipid Physics
This section about physical properties of lipids deals with (i) the ability of lipids to
self-assemble into double layer structures, (ii) mechanical properties like fluctuations
and (iii) phase behavior of membranes.
(i) Lipid molecules aggregate in water in a self-assembling process driven by long
range repulsion (hydrophobic effect) and short range attraction (Van-der-Waals
forces, electrostatic interaction and hydrogen bonding). The hydrophobic effect is
not a force itself but originates from entropic energy gain that minimizes the total free
energy. As the nonpolar hydrocarbon chains cannot build hydrogen bonds like water
with itself, an ordered hydration shell of the water dipoles with less translational
and rotational freedom compared to bulk water builds up around the hydrocarbon
chain. The cage leads to negative entropy. Bringing together two hydrocarbon chains
results in decreased water molecule order and gain in entropy. In this way, lipid
self-assembly minimizes the contact of hydrophobic chains to the surrounding water.
The critical micelle concentration (CMC) of lipids as surfactants (surface active
agents) gives the concentration of lipids where half of dispersed lipids aggregate into
micelles. The gain in free energy ∆G can be calculated69:
∆G = µ0singledispersed − µ0micellar = −RT ln(XCMC) (2.19)
where R is the gas constant and XCMC is the mole fraction. CMC values for
naturally occurring phospholipids are very low (0.01 to 10 nM). The difference in
the standard chemical potentials µ0 (mean interaction free energy per molecule)
results in gain in ∆G in the range of 18 to 25 RT (50 to 70 kJmol−1). It shows
that phospholipids are weak surfactants, but have a high tendency to aggregate.
Depending on their individual shape, different supramolecular structures can evolve.
Conical lipids with large headgroups compared to small tails preferably build micelles
or cylinders. Lipids with small headgroups compared to large tails inverted micelles
or inverted hexagonal structures. Lipids with cylindrical shaped evenly sized head
and tail and also mixtures of differently shaped lipids form extended two-dimensional
sheet structures – lipid bilayers. Cooperative interactions ensure the integrity of the
bilayer, which inhibits the formation of pores.
(ii) The mechanical properties result from lipid shape and chemical structure but
also membrane composition. The spontaneous monolayer curvature and the bending
stiffness is important for tensions and local agglomeration of lipids and proteins that
fit a given curvature105. High local curvature can induce budding and fusion106.
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Lipid bilayers are two-dimensional fluid and highly flexible membranes in a three-
dimensional space. As a consequence, thermally excited fluctuations are inducing
a dynamic surface roughness of soft membranes around an average shape. On a
small scale, there are out-of-plane motions of individual lipids causing vibrational
motion in normal direction resulting in short range repulsive forces (≈3 Å). On a
larger scale, membrane undulations occur. The wave length can be up to a few
tenth of µm and amplitudes are approximately 5 nm for 140 nm corrals107. The
size of undulations depends on the bending rigidity, which is the resistance of a
bilayer to changes in curvature. It arises from altering the relative spacing between
lipid headgroups and lipid tails, and entropic contributions by deviations from the
spontaneous curvature of the membrane. When approaching another surface, these
shape fluctuations induce repulsive interactions called Helfrich repulsion108. It is an
entropic interaction as possible fluctuation modes are reduced upon approaching a
barrier. Such undulation forces are biologically relevant for example to prevent red
blood cells from unspecific adhesion. For other cell types, the underlying actin cortex
and associated cell skeleton components reduce amplitude and wave length. The
Helfrich repulsion plays a role for vesicle adhering on surfaces but is not critical for
SUV and LUV adhesion because of their small dimensions. With the help of Helfrich
undulations membrane-incorporated proteins can overcome barriers composed of
internal cellular structures107 and promote mobility on supported membranes.
(iii) Lipid bilayers can adopt different physical states with distinct lateral organi-
zation, molecular ordering and lipid dynamics. Temperature, pH, ionic strength and
the presence of cholesterol are parameters that determine the phase behavior for a
given chemical structure. Besides different hexagonal and inverted phases, lipids
can adopt varying 2-dimensional, lamellar phases that are meaningful for biological
membranes (see Figure 2.13a). They will be shortly described in the following.
Van-der-Waals interactions are the predominant forces between the hydrocarbon
chains. At low temperatures lipids constitute the gel-like phase Lβ, also called
solid-ordered phase So, where the acyl chains are in all-trans configuration. The
chains have their maximum length and smallest transverse area. They are ordered
in a lattice structure and are tightly packed. Long range interaction between lipids
is impeding lateral mobility.
Above the melting temperature TM the lipids lose their strict lateral arrangement
due to the increasing impact of the entropy term. This phase is called liquid-
crystalline Lα or liquid-disordered Ld. The packing density is lower as the chains can
undergo trans-gauche conformational changes with the consequence of laterally and
rotationally increased mobility of the lipids. The reduction in bilayer height is around
0.8 nm109. In turn the headgroup area increases by approximately 15-30%69. TM
increases with lipid chain length and degree of unsaturation. Larger headgroups tend
to decrease TM . Moreover, the pH can shift TM for lipids with ionizable headgroups.
The ripple phase Pβ can be observed in artificial systems for lipids with large
headgroups, for example PC, as in intermediate state slightly below TM . In the
pretransition one-dimensional undulations form that can be regarded as linear
periodic arranged So and Ld phases.
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Figure 2.13: Phase transition and phase separation of lipid bilayers. (a) Physical states
of lipid bilayers and their phase transitions. (b) Mixing of sphingolipids in solid-ordered
phase, glycerophospholipids being liquid-disordered and cholesterol results in microdomain
formation, called lipid rafts. Illustrations are taken from Eeman and Deleu (2010).
The phase of lipids being in all-trans conformation like in So but having no crys-
talline order is called liquid-ordered phase L, named by Ipsen et al. (1987). This phase
is highly packed having a high fluidity at the same time. However, it is not found
in a single lipid phase, but only in binary mixtures. Most typically, sphingomyelin
and cholesterol form Lo phases. The ternary mixture of phosphatidylcholine, sphin-
gomyelin and cholesterol is used as a model mixture for lipid raft forming bilayers (see
Figure 2.13b). The idea of lipid rafts was introduced by Simons and Ikonen (1997) as
Lo-like assemblies, where certain proteins and lipids are enriched due to specific steric
and chemical interactions. Lipid rafts are believed to serve as compartments within
the bilayers for trafficking and signaling processes and involve lipids as essential
biofunctional molecules. A revised model covers the different spatio-temporal scales
of short-lived nanoscale assemblies, intermediate raft platforms and expanded raft
phases112.
2.2.4 The Transmembrane Receptor Integrin
Integrins are an substantial class of transmembrane receptors especially in focal
adhesions. They are composed of one of eighteen different α and one of eight different
β subunits. 24 different combinations are binding a variety of different motifs and
having defined functions75,114. An important example is integrin α5β1, which is
known to be the major receptor for FN in early adhesion and taking part in FN
fibrillogenesis.
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With the initial adhesion of cells α5β1 integrin binds to FN and forms clusters. The
primary recognition sequence of FN for integrins is the RGD-loop besides synergy
binding sites like PHSRN115. These focal complexes, with paxillin or vinculin as
cytoplasmic ligands are only short-lived. Subsequently, other integrins like αvβ3
are incorporated, the association of talin controls the connection with tensin and
actin and more stable focal adhesions form. Tension generated by the interaction of
actin and myosinII is transferred by integrins within focal adhesions across the cell
membrane to FN. FN gets elongated and cryptic binding sites are revealed leading
to FN fibrillogenesis116,117. Long-lived contacts called fibrillar adhesions form when
focal complexes mature by the incorporation of stable protein structures like tensin.
The anchorage of cells by integrins can provide information about the mechanical
properties, like elasticity and adhesiveness (tensile strength, ligand density). The
knowledge about the function of integrins as mechanosensors has made tremendous
progress in recent years, numerous groups are working on single aspects, revealing
most interesting details of the fascinating properties of integrins. Aspects like binding
motifs, FN self-association and mechanical behavior are under investigation, but
details about FN fibrillogenesis are rare24,116–123.
Monoclonal antibodies can be used to probe conformation dependent epitopes and
thereby the activation state of integrins124–126. With this tool plenty of insights could
be gained. By rotating a few bonds in linker regions, the integrin can swith from
a bent and compact to an extended conformation, see Figure 2.14. The increased
ligand affinity renders the integrin activated, though also inactive integrins have
a low affinity for binding ligands. The swinging out of the hybrid domain in the
β subunit head results in a separation between the subunit extracellular domains.
This movement is believed to allow for a transmission of the conformational change
to the cytoplasmatic integrin domain that can be converted to chemical signals by
phosphorylation events within focal adhesions. The activation of integrins can be
induced both from the inside (inside-out activation, e.g. by talin) and the outside
(outside-in signalling, e.g. by FN)114,127.
Divalent cations can have regulatory effects on the affinity and adhesiveness
of integrins mediated by Domains called metal-ion-dependent adhesion sites (MI-
DAS), adjacent to MIDAS (ADMIDAS) and ligand-associated metal-binding site
(LIMBS)124–126,130. The ligand-binding affinity can be increased by the addition of
Mn+2 and depletion of Ca+2. When Mg+2 levels are too low, moderate amounts of
Ca+2 can support adhesion.
2.2.5 Lipid Membranes in Cell Adhesion
Tissues rely on the specific interaction of cells with each other and the surrounding
extracellular matrix (ECM). The complex network of the ECM consists mainly
of collagen, proteoglycans and multi-adhesion-proteins like fibronectin (FN). The
latter is involved in cell adhesion and migration. Its binding sites for other matrix
proteins allows for proper anchorage. FN can form fibrils that mechanically stabilize
the ECM and are responsible for cell orientation. For mechanical integrity, a tight
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are restricted to β2 and β3 integrins, the activation of which, by
necessity, must be precisely controlled, and it remains to be seen
whether this information can be extrapolated to β1 integrins on
adherent cells.
How far does the hybrid domain move?
Although opinion on receptor extension is still varied, there is
general agreement that ligand binding is accompanied by an
outwards movement of the β-hybrid domain, that this represents
the key conformational change in the switch from inactive to active
integrin, and that this is a clear indicator of receptor affinity (Rocco
et al., 2008; Takagi et al., 2003; Xiao et al., 2004). However, the
extent of this swing-out is unclear, with reports varying from 10°
to 80° (Adair and Yeager, 2002; Mould et al., 2003b; Xiao et al.,
2004). This variation could be interpreted as evidence for
intermediate conformations, particularly as the α7 helix in both the
αA and βA domains has been shown to have a degree of elasticity
(Jin et al., 2004; Shimaoka et al., 2003; Yang et al., 2004).
However, it might also relate to the nature of the material used,
because the smaller the integrin fragment – and therefore the lower
the constraint imposed upon the hybrid domain – the larger the
reported movement.
Molecular dynamics modelling has predicted that the hybrid
domain of integrinαVβ3 swings open about 20° when the leg-region
constraints are lifted (Puklin-Faucher et al., 2006), and that this also
involves an inward movement of the α1 helix as previously shown
(Mould et al., 2003a). These changes might be enough to induce
alterations in receptor affinity, and were suggested to represent
outside-in integrin priming (Puklin-Faucher et al., 2006). Further
molecular dynamics analysis revealed that conversion to the state
in which the hybrid domain was fully extended (an 80° movement)
required the application of force to overcome the energy barrier
needed for this change to occur. Thus, there is evidence to suggest
that different positions of the hybrid domain relative to the βA
domain are physiologically relevant. These findings also raise the
question of whether full extension of an integrin with a concomitant
full outward movement of the hybrid domain is only achieved once
the cell is under tension, and thus represents a post-ligand-binding
event. In addition, this Commentary highlights that we might have
to be more precise in what we term ‘active’ integrin, because it
seems likely that different agonists have wide-ranging effects that
are integrin-specific and what ‘activates’ one receptor may not apply
to all receptors.
How are conformational changes coupled?
The pathway of conformational change from the interior of the cell
to the ligand-binding site of the integrin (a long-range distance of
more than 20 nm) is a poorly researched topic, but it probably
underpins cellular control of integrin activity. A major restraint that
holds integrins in an inactive state appears to be the interaction
between α- and β-cytoplasmic domains. As mentioned above,
disruption of these interactions through the binding of proteins such
as talin is proposed to be the first step in the pathway (Han et al.,
2006). Consistent with this proposal, mutations that disrupt the
interactions between the cytoplasmic domains lead to constitutively
active integrins, whereas locking the legs of the integrin together
prevents activation. A weakening of the interactions between the leg
regions of the α- and β-subunits allows unbending of the receptor.
In the bent state, interactions between the hybrid domain and
the leg domains prevent the outward swing of the hybrid domain,
but this constraint is removed in the extended state and the hybrid
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Fig. 2. Integrin conformation-function relationships: a model. A five-
component model illustrating conformational changes that are associated with
inside-out and outside-in integrin signalling. The α-subunit is in red and the
β-subunit in blue. The figure shows the three major conformational states that
have been identified so far: inactive (A), primed (B) and ligand bound (C)
(ligand is represented by a green triangle), together with possible intermediate
conformers. Panels A-C represent conformations that mediate inside-out
signalling, and panels D and E, outside-in signalling (the direction is indicated
by red arrows). (A) Inactive integrin adopts a compact, most probably bent
conformation in which the α- and β-subunit leg, transmembrane and
cytoplasmic domains are closely associated. (B) The inherent flexibility of the
knees allows for a degree of movement or ‘breathing’ in this structure.
Intracellular signals, culminating in the binding of talin (orange oval) to the
β-subunit tail, causes relaxation of the leg restraints, allowing some further
unbending that is sufficient to expose the epitopes of stimulatory antibodies in
the leg regions (represented by yellow stars). A concomitant small outward
movement of the hybrid domain primes the ligand-binding pocket to achieve a
high-affinity conformation that is ready to accept ligand. The point at which
a high-affinity conformation is reached may be integrin- and agonist-specific,
and might take place before the receptor is fully extended. (C) The primed
integrin binds ligand, which represents the end-point of inside-out signalling.
At this stage the integrin is probably in an extended conformation, but the
hybrid domain might remain in its primed position and, although some
destabilisation and rearrangement of the legs has occurred, their degree of
separation is not known. (D,E) The binding of talin and ligand initiate focal
contact formation. As the cytoskeleton matures, tension (D, blue arrows) is
generated on the integrin receptor across the cell membrane. (E) The force
applied to the integrin headpiece triggers further outward movement of the
hybrid domain, strengthening receptor-ligand binding and allowing the
formation of stable focal adhesions and the initiation of intracellular signalling
cascades (green arrow), the end-point of outside-in signalling.
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Figure 2.14: The switchblade
model of integrin activation for
inside-out (top) and outside-in
(bottom) signaling. (A) shows
the inactive state, (B) primed
and (revealing antibody bind-
ing epitopes, yellow stars), and
(C) the ligand bound, activated
integrin. (D) The binding of ex-
tracellular ligands initiates the
association of talin and other
intracellular ligands. Tension is
generated across the cell mem-
brane. (E) The applied force
induces an outward movement of
the hybrid domain and strength-
ens the connection like a catch
bond128. Illustration is taken
from Askari et al. (2009).
connection with the cytoskeleton is necessary. The interplay between ECM and cell
is also vital to exchange information for the control of cell fate. Investigating cell
adhesion processes is a crucial factor to develop implants with optimum surfaces for
best ingrowth rates. The contact between implants and tissue is relevant for both
mechanics and mmunol gy. Detailed knowledge about cell adhesion can help to
develop new approaches for effective medical treatments131.
The cell membrane is the interface between ECM and cells. Focal adhesions are cell
anchoring complexes with gre t importance for cell signaling, spreading and motility,
which can be build-up from more than ninety different proteins 132,133. They are
connecting the intracellular actin cytoskeleton with scaffold components of the ECM,
see Figure 2.15. I dynamic processes, such as embryonic development, growth and
wound healing the compounds of the focal adhesions need to be rearranged and newly
formed. The importance of cell adhesion is not only on the cohesion to preserve the
integrity of the tissue. Cell re also able to get information about the nature and
intensity of the contact to respond in a specific manner. Cell division (proliferation),
c ll migration, cell de th (apoptosis), memory formation and immune responses are
influenced by sig aling casc es triggered by focal adhesion complex processing133–136.
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The kind and strength of cell adhesion are responsible for the cytoskeletal organization,
defining morphology and stability137–139. In this respect, the structural concept of
the so-called tensegrity (tensional integrity) should be emphasized, established in
biophysics by Ingber140,141. It helps to understand the mechanical cooperativity of
cellular structural elements to retain the shape and integrity of cells, also within
larger hierarchical structures of tissues and organs and how mechanical forces can
be converted into biochemical signals (mechanotransduction). Tensegrity is based
on rigid structures like tubes (microtubules) being compressed by tensed cables or
meshes (network of actin and intermediate filaments). The cell membrane itself
cannot exert substantial tension due to its poor tensile strength. Only in conjunction
with the actin cortex the cell membrane provides tension, eventually transmitted
over the cell boundaries to the ECM or neighboring cells.
Tensin is a linker protein between integrin and actin. In this way, the cell membrane
is connected to the underlying actin cortical network. Depending on the cellular
needs, its mechanics can be altered by combined structural changes and organization
in bundles and more or less dense networks116. Cells are probing its environment
to look for other cells or ECM-components through membrane extensions with
different cell adhesion receptors. For example, during cell movement membrane
protrusions called lamellipodia form at the leading edge of the cell. The actin
mesh forms by branched actin polymerization. Additionally, tension generated by
the contraction of the actin cortex in the cell rear supports the advancing of the
membrane protrusions75.
The cell membrane is the scaffold where membrane proteins are hosted and
transported. During initial contact, the cell membrane is involved in membrane
protein clustering and signaling. The cholesterol dependent integrin clustering is a
hint for the role of lipid rafts for integrin function142.
Lipids of the cell membrane are also involved in signaling themselves. For exam-
ple, the lipid second messenger phosphotidylinositol-4,5-bisphosphate (PI(4,5)P2)
contributes to talin activation and enhances talin–integrin binding127.
2.3 Theoretical Toolkits to Study Membranes at
Interfaces
2.3.1 Describing Membrane Mobility
The mobile character af the biological membrane was described by Singer and
Nicolson (1972) with the fluid mosaic model. Lipids and membrane proteins forming
the laterally fluid membrane underlie Brownian motion, which is caused by thermal
fluctuations. In principle, there are three different ways they can move: laterally,
rotationally and across the bilayer plane (flip-flop), with the latter being very rare
due to the great energy barrier145. Biological membranes have high protein contents
and are linked to underlying structures of the actin membrane skeleton meshwork
and the ECM. The mobility of lipids and membrane proteins is markedly reduced by
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Fig. 3d–f), indicating a highly polarized orientation of talin, with the
tail vertically displaced by at least 30 nm from the head. The talin tail
position also substantially overlapped with those of zyxin, VASP,
a-actinin and actin. Although integrin and actin binding sites have
been identified throughout the length of talin26, our results indicate
that the integrin binding site in the N-terminal head and the
C-terminal THATCH domain actin-binding site are the structurally
relevant sites in focal adhesions. This is supported by iPALM analyses
of talin fragments, which revealed membrane-proximal and upper
localizations for the PA-FP-tagged head and THATCH domains,
respectively (Supplementary Fig. 11). In contrast to the polarized talin
orientation, we were unable to detect vertical polarizations for paxillin
or a-actinin PA-FP tagged at either the N or C termini (Fig. 4c and
Supplementary Figs 21 and 22). Together with the ,50–60 nm in vitro
dimension of talin26, our results indicate that talins are organized into
arrays of elongated molecular tethers that diagonally span the stratified
focal adhesion core.
Our results demonstrate that focal adhesions possess a surprisingly
well-organized molecular architecture in which integrins and actin are
separated by a ,40-nm focal adhesion core region that contains mul-
tiple partially overlapping protein-specific strata. The stratification
probably arises from spatial constraints in protein–protein inter-
actions, but once formed may also impose spatial constraints on protein
dynamics within focal adhesions. For example, distribution overlaps
between given proteins in a focal adhesion should increase the fre-
quency and duration of their interactions, whereas the lack of overlap
indicates that the interactions may be transient or have no direct struc-
tural role. Partial overlaps between proteins as well as the width of the
protein distributions in focal adhesions may also reflect heterogeneity in
protein–protein binding interactions. The focal adhesion protein
organization indicates a composite multilaminar architecture made
up of at least three spatial and functional compartments that mediate
the interdependent functions of focal adhesions: an integrin signalling
layer, a force transduction layer, and an actin regulatory layer (Fig. 4d).
FAK and paxillin represent a membrane-proximal integrin signalling
layer of the focal adhesion core that probably relays integrin–ECM
engagement into signalling cascades that control adhesion dynamics
and gene transcription21,22. Talin and vinculin are observed in the
broader central zone, with talin organized into arrays of diagonally
oriented tethers that probably link integrin to actin directly. The distri-
bution of vinculin is consistent with its binding to sites along talin rod
domain and actin, which may serve to buttress the integrin–talin–actin
linkages. Talin and vinculin have been implicated as regulatable force
transmission links between actin and integrins23,27–29. Their positions
together thus define the force-transduction layer, signifying a structural
basis for the ‘molecular clutch’7,27,28 machinery. Finally, the similar ver-
tical localizations of VASP, zyxin and actin filament termini in the
uppermost region indicate that a VASP–zyxin complex may comprise
an actin regulatory layer involved in focal adhesion strengthening via
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Figure 4 | Nanoscale architecture of focal adhesions. a, b, Peak position
(zcentre) (a) and width parameter (svert) (b) of PA-FP fusions in focal adhesions.
Notched boxes, 1st and 3rd quartiles, median and confidence interval; whiskers,
5th and 95th percentiles; 1, means, outliers also shown. (See also
Supplementary Table 1.) c, zcentre protein positions (nm) versus focal adhesion
area (mm2) or aspect ratio for both N- (red) or C- (blue) terminal fusions of
talin, paxillin and a-actinin. Each point corresponds to individual focal
adhesion measurements. d, Schematic model of focal adhesion molecular
architecture, depicting experimentally determined protein positions. Note that
the model does not depict protein stoichiometry.
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Figure 3 | Talin orientation in focal adhesions. a, Schematic diagram, with
important domains and binding sites indicated for Talin PA-FP fusions
(FERM, protein 4.1, ezrin, radixin, moesin domain; VBS, vinculin binding
sequence; IBS, integrin binding site). Talin-N, N-terminal fusion; Talin-C,
C-terminal fusion (Supplementary Table 3). b–f, Top view and side view
iPALM images of focal adhesions (white boxes, top-view panels) and
corresponding z histograms and fits for talin-N–tdEos (b, c) and talin-C–tdEos
(d–f). Colours: vertical (z) coordinate relative to the substrate (z 5 0 nm, red).
Scale bars: 5mm (b, d) and 500 nm (c, e, f).
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Figure 2.15: Schematic model of he nan scale architecture of focal adhesions and the
proteins involved. The axial sc le give a rough idea of the dimensions. Illustration taken
from Kanchanaw ng et al. (2010).
frictional coupling and steric hindrance146. In this context biological membranes can
be mimicked by polymer ushioned lip d bilayers. For supported membranes, quite
simple hydrodynamic models for t e l eral diffusion nd the retarding f ictional drag
ca be applied. The fluorescence recovery after photobleaching (FRAP) technique
was used to measure the lateral lipid mobility of supported membranes in this
work. The obtained parameters provide a better understanding of the biophysical
interactions between lipid membrane and support.
The Brownian motio ca be described s a random walk of partic es. The two-
dimensional diffusion equation for a p rticle concentration c at distance r and time
t of n particles th t start to diffuse isotropically from one point and do not interact
results in147:
c(r, t) =
n
4πDlatt
e
− r2
4Dlatt (2.20)
where Dlat is the l teral diffusion coefficient. Equation 2.20 em strates that
d ffusi n is a s atistical process resulting in a Gaussian particle distribution. It
can be sh wn that the mea distance a particle travels over time (mean square
displacement < r2 >) is related to Dlat by147:
< r2 >= 4Dlatt. (2.21)
Hence, the displacement of a particle is proportional to the square root of time.
Out of Fick’s first law for the diffusive flux J = −Dlat∇c, Einstein (1905) and von
Smoluchowski (1906) formulated the relation:
Dlat =
kBT
λ
(2.22)
with th drag coefficient λ.
Saffman and Delbruck (1975) recognized that the diffusion of particles in mem-
branes is limited by the friction within the membrane, as their viscosity is high
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Figure 2.16: Illustration of cylindrical particles
of radius a diffusing in a lipid membrane with
viscosity ηM supported by a solid substrate used
for hydrodynamic modeling. The thin water layer
of thickness dW and viscosity ηW acts as lubricant
and slows down the particle mobility. Adapted
from Purrucker et al. (2007).
compared to that of the surrounding bulk fluid. Notably, they found a logarithmic
dependency of Dlat (Equation 2.22) with the radius of a cylindrical particle a:
λSaffman = 4πηMhM
(
log
ηMhM
ηBWa
− γ
)−1
(2.23)
where ηM is the 2d membrane viscosity (which is related to the 3d viscosity by
ηM = η
3
M · hM ), ηBW is the viscosity of the bulk water, hm is the height of the
membrane and γ the Euler constant (γ = 0.577). Equation 2.23 can be used for small
particles where 2aηBW /ηM  1. The logarithmic dependency means that proteins
do not move much slower than lipids, although their transmembrane domain have
larger radii. Also the non-membrane part of the protein that is subject to friction of
ηBW can be neglected up to a certain size (around 100 nm).
In supported membranes the lateral mobility of proteins and lipids is reduced
by a frictional shear stress σ with the underlying substrate over the thin lubricant
film with thickness dW , see Figure 2.16. Evans and Sackmann (1988) assumed a
proportional relation of σ with the local velocity v of particles in the membrane
σ = ηW/dWv. ηW is the water interlayer viscosity that probably is way smaller than
ηBW of bulk water due to ordering of water molecules in an ice-like manner close to
the substrate151. Since also dW is very difficult to be determined precisely (usually
around 1 nm on solid supports91–93), the friction coefficient bs = ηW /dW can be
used. bs combines all intermolecular forces between the lipid membrane and the
substrate support including dispersion forces, electrostatic interaction, and hydrogen
bonds69,150.
The frictional drag may be expressed in terms of the dimensionless parameter
ε150:
λSackmann = 4πηM
(
ε2
4
+
εK1(ε)
K0(ε)
)
, ε = a ·
√
bs
ηM
(2.24)
where K1 and K0 are modified Bessel functions of first and zero orders.
For weakly coupled membranes where the dimensionless particle radius is ε 1,
Equation 2.24 reduces to
λSackmann = 4πηM
(
ln
1
ε
)−1
. (2.25)
The logarithmic dependency found by Saffmann and Delbrück is maintained for that
case.
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shown in Fig. 1 are far more complicated than can be described by these potentials because, as
will be illustrated below, they are not additive in space and usually act at different times.
Synergy between different forces occurring at different locations
Biological cells have clearly developed means for controlling different interaction forces over
different distance and timescales. For example, a transient change in the local pH or calcium ion
concentration at a membrane surface will modify the long-range electrostatic interaction but may
not affect the short-range LR interaction. A change in the receptor-binding-site affinity could alter
the short-range force but not the long-range double-layer force. Moreover, a change in the local
membrane fluidity will alter the lateral diffusion rate of a ligand, thereby preventing or enhancing
its probability of capture by a receptor.
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Figure 2.17: Attractive and repulsive
forces and potentials involved in biolog-
ical processes scaled in dependence of
the distance between surfaces, particles
or macromolecules. Abbreviations are
Derjaguin-Landau-Verwey-Overbeck
(DLVO), Van-der-Waals (VDW), Elec-
trostatics (ES). Diagram taken from
Israelachvili (2005).
2.3.2 I terfacial Forces and Fricti at Supported Membranes
An interplay of repulsive and attractive molecular forces are involved lipid self
asse bly, bilayer formation, phase transition and separation, bending rigidity and
the ad esio of membranes between themselves or to substrates, see Figure 2.17.
For the adhesion of membranes to substrates (also to other membranes), the
interaction by hydration forces is repulsive for small distances in the sub-nanometer
range. Also thermally excited shape-fluctuations sterically act as entropic repulsion
(Helfrich repulsion). At separations in the low-nanometer range attractive VdW-
int ractions balance electr st tic repulsio s69. The surface interaction energy W has
a minimum determining the separation of the adsorbed lipid bilayer. An overview of
interactions that are major players between molecules is given in Figure 2.18.
For the biological case the electrostatic interactions are strongly influenced by
the ionic strength I of the surrounding medium being around 150 mM. The Debye
screening length λD is the characteristic decay distance where mobile charge carriers
(e.g. ions) screen electric fields and thereby suppress electrostatic interactions. The
screened field decays exponentially with e−D/λD . λD can be calculated according to
the Debye-Hückel equation153 for electrically neutral solutions:
λD =
εrε0kBT
2NAe2I
(2.26)
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Figure 2.18: Types of interactions between atoms, ions and molecules. The dependence of
the interaction energy on the power of distance between the pairs r−n can be taken from
the given formulas valid for vacuum. High n indicate a long interaction range. Adapted
from Israelachvili (1992).
with the relative permittivity εr, the electric constant ε0, the Boltzmann constant
kB, the Avogadro constant NA, the elementary charge e and ionic strength I. For
biological conditions λD is 0.8 nm, it is largest for pure water at pH 7 with 960 nm.
The impact of electrostatic interactions onW strongly depends on the electric double
layer forming at the surface and at the membrane that in turn is influenced e.g. by
the headgroup charge, charge density and associated ions.
The other dominant attractive contribution comes from VdW interactions, that
were first described by van der Waals (1873). Although the absolute strength of single
VdW interactions are below the thermal energy, they can contribute significantly
to adhesion processes, especially in the long range regime and in the absence of
electrolytes. A nice example of how small forces can act strong together is the gecko’s
feet. The ability of geckos walking on ceilings is ascribed to fine keratin hairs that split
up to small pins with thicknesses down to 5 nm. The thereby tight contact was shown
to give rise to VdW forces that add up to this considerable adhesion strength155.
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Lately there is evidence that also lipids are involved in adhesion mechanism, as PC
was found in the geckos footprints156.
VdW forces are caused by correlations in the fluctuating polarizations of proximal
molecules, as the dipole field of an atom is reflected by a thereby induced dipole
field of an interacting atom. In this way, electrons between neighboring molecules
move in a correlated manner. VdW forces jointly describe the attractive or repulsive
forces resulting from permanent dipole interactions (Keesom energy), permanent
dipole and induced dipole interactions (Debye energy), and instantaneous dipole –
induced dipole interactions (London dispersion energy).
The London dispersion force is remarkable as it is an interaction between atoms
that is always present, also if they are non-polar. Dispersion energies can be repulsive
or attractive (always attractive for equal molecules) and build up over quite long
distances (>10 nm) with a scaling of 1/r6. They are non-additive, as a mutual
interaction is affected by neighbors. Dispersion forces originate from instantaneous
dipole moments induced by the position of the electrons at that time point. The
electric field of the formed dipole polarizes a neighboring neutral atom, inducing a
dipole moment, and giving rise to an electrostatic interaction. As the instantaneous
dipoles fluctuate at a rate of 3 · 1015 s−1 (also called main electronic absorption
frequency, νe), it happens for already large separations that the electric fields
experienced by the second atom changed and may be less attractive69. This effect is
called retardation and leads to a faster decay of dispersion energies towards 1/r7.
To quantitatively calculate VdW forces between two bodies, Hamaker157 introduced
a constant A, which was named after him:
A = π2Cρ1ρ2 (2.27)
where ρ1 and ρ2 are the atom densities of the two bodies, and C the interaction
coefficient between two atoms, w = −C/r6.
By using a simplified form of the Lifshitz theory, the non-retarded Hamaker
constant between body 1 and 2 over a medium 3 can be approximated:
A132 ≈
3
4
kBT
(
ε1 − ε3
ε1 + ε3
)(
ε2 − ε3
ε2 + ε3
)
+
3hνe
8
√
2
(n21 − n23)(n22 − n23)√
(n21 + n
2
3)
√
(n22 + n
2
3)
(√
n21 + n
2
3 +
√
n22 + n
2
3
) (2.28)
where εi are the static dielectric constants, h the Planck constant, and ni the
refractive indices. It is assumed that all bodies have the same absorption frequencies,
νe = 3 ·1015 s−1 for water and glass. The first term is the zero-frequency contribution
of the VdW force and includes Keesom and Debye energy. As the ε-expression never
exceeds 1, the first term is 3/4kBT maximum. Because of its polar origin, it is subject
to Debye screening of electric fields. However, both the originating and reflecting
field of dipoles separated by d are attenuated, resulting in a e−2d/λD reduction. The
screening distance for VdW forces therefor is only half of the Debye length.
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As a result of the retardation-effect described above, the Hamaker constant
decreases with increasing d to less than half of its initial value at distances of
≈ 10 nm69. Based on the approximation of non-additivity, the interaction free
energies between two identical surfaces separated by distance d is:
W = − A
12πd2
. (2.29)
W can be regarded as the work needed to separate the two half-spaces infinitely.
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3.1 Polymer Thin Film Preparation
3.1.1 Surface Grafted PNIPAAm Copolymers
The chemical composition and structure of the different PNIPAAm copolymers
is given in Table 3.1 and Figure 3.1, respectively. The synthesis of the copoly-
mers was done by free radical polymerization and described in detail by Kuckling
et al. 27 . Briefly, NIPAAm with acrylamide derivatives containing carboxyl groups
at three different alkyl spacer lengths (C2, C5, C10) were obtained by free radical
polymerisation. Using comonomer feed compositions of 2, 5, and 10 mol-% yielded
a set of nine different PNIPAAm-co-carboxyAAM that were kindly provided by
Dirk Kuckling and Wolfgang Birnbaum (Department of Chemistry, University of
Paderborn, Germany). Poly(glycidyl methacrylate) (PGMA, MW = 30000 gmol−1,
PD = 1.7) and PNIPAAm-COOH with a single terminal carboxylic group were
purchased from Polymer Source (Montreal, Quebec, Canada).
PNIPAAm was immobilized on silicon dioxide substrates to take advantage of the
particular phase transition properties of the polymer system. When bonded to a
surface the polymer chains are physically constrained and respond with collapsing
instead of precipitation and swelling instead of dissociation, respectively. The final
layer composition is sketched in Figure 3.1.
Thin film preparation was done on various substrates depending on the type of
experiment. For dry ellipsometry, silicon wafers with a native oxide layer were used.
For ellipsometry in solution wafers with a 30 nm oxide layer were used, since they
are known to be better suited to measure thickness differences precisely.
In this work, all chemicals used were of analytical grade or higher unless stated
otherwise. Deionised (DI) water was processed by a MilliQ purification system
(Millipore, MA, USA) and used for aqueous solutions. Chloroform (99.8%) was
purchased from Fluka (Deisenhofen, Germany), isopropanol and ammonium hydrox-
ide (29%) from Argos Organics (Geel, Belgium) and hydrogen peroxide (35%) from
Merck (Darmstadt, Germany). The substrates were pre-cleaned by ultrasonication
successively in DI water and ethanol for 30 min. The SiO2 surfaces were freshly
oxidised in a 1:1:5 mixture of ammonium hydroxide, hydrogen peroxide and DI water
at 70◦C for 10 min and rinsed intensively in DI water. After drying the samples,
PGMA was spincoated (RC5 Suess Microtec, Garching, Germany) from a 0.35 wt.%
solution in chloroform and tempered for 10 min at 110◦C in a vacuum. PGMA
served as anchor by virtue of the high reactivity of its epoxy groups towards the
surface hydroxyl groups158. Unbound PGMA was removed by extensive rinsing
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Table 3.1: Composition and size of PNIPAAm-COOH and PNIPAAm-co-carboxyAAM
taken from Kuckling et al. (2000).
Copolymer CarboxyAAm content MW ·105 [gmol−1] Polydispersity (PD)
PNIPAAm-COOH 0 0.58 1.22
C2AAm2 2.5% 1.56 1.45
C2AAm5 5.3% 1.42 1.87
C2AAm10 10.0% 1.31 1.56
C5AAm2 3.3% 1.39 1.45
C5AAm5 5.8% 1.87 1.36
C5AAm10 12.7% 1.42 1.37
C10AAm2 2.2% 1.43 1.26
C10AAm5 4.2% 1.31 1.73
C10AAm10 9.0% 1.23 1.71
Figure 3.1: Chemical structure and layer composition of the PNIPAAm-co-carboxyAAM
thin film system.
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Table 3.2: Overview of important charecteristics of maleic acid copolymer thin films.
Parameter marked with an asterisk (∗) are taken from Renner (2009) and Pompe et al.
(2003).
PEMA POMA
molecular weight 125000 gmol−1 50000 gmol−1
spin-coating solution 0.03% in THF:acetone 2:1 0.08% in THF
dry thickness (3.2±0.5) nm (3.5±0.5) nm
dry RMS roughness∗ 0.80 nm 0.32 nm
carboxy group spacing∗ 0.33 nm 1.46 nm
water contact angle∗ (26±3)◦ (100±3)◦
isoelectric point (1 mM KCl)∗ pH 1.9 pH 3.2
with chloroform. PNIPAAm-COOH and PNIPAAm copolymers were dissolved at
0.35 wt.% in chloroform. C10AAm10 was not completely soluble in chloroform.
Instead, it was solved at 1.5 wt.% in isopropanol. After spin coating the second
polymer layer, the samples were tempered at 170◦C overnight in a vacuum to allow
for the covalent attachment of the carboxyl groups of the PNIPAAm chains with
the SiO2 substrate. The surfaces were rinsed twice to remove unbound PNIPAAm
copolymer and dried afterwards. The samples were stored under argon atmosphere
and were used within four weeks. To incubate the samples with liquids and vesicle
solution and the need for a steady liquid coverage of the bilayer, home-made glass
cylinders with a diameter of 7 mm and a height of ≈ 10 mmm were glued onto
cover slips with the silicone adhesive MED-1511 (Nusil, Ca, USA). The silicone was
allowed to harden overnight. Small volumes between 400 µl down to 100 µl could be
applied.
3.1.2 Maleic Acid Copolymer Thin Films
Maleic acid copolymers can serve as a versatile platform to study interactions at
biological surfaces and interfaces. Nanometer thin films can be covalently attached
in a homogeneous and smooth manner by aminosilane chemistry and spincoating to
silicon dioxide surfaces. A scheme of the layer composition is given in Figure 3.2.
The maleic anhydride can be used to react with amino groups of e.g. peptides to
form amide bonds. Maleic acid readily hydrolyzes in humid air or aqueous solutions
to form maleic acid making the polymer thin films polyanionic. The properties of
the copolymer, mainly distinguished by polarity, crucially determine the surface
energy and swelling characteristics of such thin films. In this work two different
copolymers were used: poly(ethene-alt-maleic anhydride) (PEMA)(Sigma-Aldrich)
and poly(octadecene-alt-maleic anhydride) (POMA)(Polysciences, Warrington, PA,
USA). A profile with their main features is given in Table 3.2.
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Figure 3.2: Chemical structure and layer composition of the maleic anhydride copolymer
thin film system. The nonreactive maleic acid produced upon hydrolysis is shown on the
right.
The cleaned samples (see section 3.1.1) were amino-functionalized in a mixture of
9:1 isopropanol/water with 10 mM 3-aminopropyl-triethoxy-silane (Fluka, Deisen-
hofen, Germany) for 10 min. After rinsing in isopropanol the dried samples were
annealed at 120◦C for 1 h. Spincoating (RC5, Suess Microtec, Garching, Germany)
was performed at 4000 rpm, 1500 rpm s−1 for 30 s. The secondary amide bonds that
form upon reaction of the amino group of the aminosilane with the anhydride were
further converted to imide bonds by annealing for 2 h at 120◦C. Imides are more
stable to hydrolysis. The samples were stored up to one month and incubated with
aqueous solutions overnight prior to experiments for hydrolysis of the anhydrides
to carboxyl groups. For lipid bilayer formation, glass cylinders were glued on cover
slips (see section 3.1.1).
3.1.3 Surface Functionalization by cRGD
Argenine-glycine-aspartate (RGD) is an amino acid binding motif that can be found
in proteins of the ECM like fibronectin or vitronectin that are necessary for cell
adhesion and migration. Depending on the presented conformation, the cellular
receptor integrin subtypes bind to RGD with a specific affinity that can be influenced
by additional binding motifs. The cyclic RGD mimics a loop in a way RGD is
presented on fibronectin, which enhances the affinity of α5β1 integrin and cell
binding. Surfaces were functionalized with cyclic (Arg-Gly-Asp-D-Tyr-Lys) peptide
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Figure 3.3: Chemical structure of the peptide cyclic(Arg-Gly-Asp-D-Tyr-Lys) (cRGD).
(cRGD) (shown in Figure 3.3) with a MW of 619.68 gmol−1 was purchased from
Peptides International (Louisville, KY, USA).
The primary amino group of the cRGD’s lysine was covalently bound to carboxyl
groups of the carboxyAAm comonomer by carbodiimide chemistry (see Figure 3.4).
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) was obtained from Sigma-
Aldrich and N -hydroxysulfosuccinimid (sNHS) from Fluka. The protocol was adapted
to be consistent with the temperature and pH dependent swelling behavior of the
PNIPAAm-co-carboxyAAM thin films. The surfaces were incubated for at least one
hour in a buffer containing 66.7 mM potassiumdihydrogenphosphate and 66.7 mM
sodiumhydrogenphosphate (results in pH 7.4, refered to as buffer A). In a first step
the carboxyl groups were activated by adding 50 mM EDC and 25 mM sNHS in
buffer A for 1 h at RT forming semi-stable sNHS esters. After rinsing three times
with buffer A, cRGD dissolved in buffer A was added and samples were incubated
for 2 h at RT. The samples were rinsed with DI water, dried and stored under
argon atmosphere and used within four weeks. For cell experiments, the sample
preparation was performed at sterile conditions with solutions that were filtrated by
polytetrafluoroethylene (PTFE) syringe filters with a pore-size of 0.2 µm.
3.2 Lipid Handling
For the preparation of vesicles and lipid bilayers a great number of different lipids
and mixtures thereof can be used. The lipid diversity has enormous significance in
nature. Foremost criteria for the choice are the native occurence in biomembranes,
the charge of the headgroup of individual lipids, and the overall charge of the mixture
and the kind of acyl chains (see Section2.2.2). The structures of the used lipids and
cholesterol are shown in Figure 3.5, each with two oleoyl (18:1) fatty acid chains as
typical representative.
For experiments with natural lipids, a composition of PC:PS:PE in a molar ratio
5:2:1 was used. Egg-PC, soy-PS and plant-PE were all obtained from Avanti Lipids.
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Figure 3.4: Reaction scheme of amide bond formation between cRGD and PNIPAAm-co-
carboxyAAM mediated by EDC and sNHS. Carboxyl groups and EDC form an unstable
highly reactive acid intermediate. sNHS is used to form a semi-stable succinate ester. The
final reaction with amines covalently attaches cRGD to the polymer-grafted surface.
All lipids were used without further purification. The main amount of the fatty acids
(chain lengths : degree of unsaturation) was made up by 16:0, 18:0, 18:1, 18:2. This
mixture of lipids of different chains with its diverse properties can lead to interactions
between single and multiple molecules. Cluster and microdomain formation and,
hence, a partial phase segregation are possible consequences. E.g., partial demixing
can cause altered lipid mobility and an overall not well-defined lipid bilayer.
To increase the electrostatic interactions with negatively charged supports, a
mixture of DOPC:DOTAP with a molar ratio of 9:1 was used. Fluorescent labelled
lipids were used in small amounts to visualize lipid membranes by fluorescence
microscopy and gauge the mobility of supported lipid bilayers. The structures of the
two marker molecules are shown in Figure 3.6. NBD-PE was mixed with the lipids
before vesicle formation, whereas DiO was incorporated within the already prepared
vesicles, as it was only used for proteoliposome labelling. DiO has a low fluorescence
yield in aqueous environment and just efficiently fluoresces when incorporated in
lipid bilayers. As an amphiphile molecule, it has a high tendency to incorporate into
lipid bilayer.
3.2.1 Lipid Vesicle Preparation
The lipids were mixed from chloroform stock solutions at the desired ratios and
amounts in a glass vial. For fluorescent detection, 0.02wt.% of the fluorescent marker
NBD-PE was added. The chloroform was removed under a stream of argon. The
dried lipid was put in a vacuum oven for at least one hour to remove the remaining
chloroform. Buffer or DI-water was added for a final concentration of 5 mgml−1
lipid. After homogenizing the solution by sonication and shaking, the solution was
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Figure 3.5: Chemical structures of the lipids used in this work.
freeze-thawed three times alternatingly in liquid nitrogen and the sonicator. This
treatment is known to form unilamellar vesicles by breaking and reforming vesicular
structures. The solution was allowed to reach its full hydration overnight. LUVs
were obtained by the extrusion procedure introduced by Hope et al. (1985) with an
extrusion set from Avanti Lipids. With two Hamilton syringes the vesicle solution
was repeatedly (at least 31 times) pressed through a polycarbonate membrane with
a pore size of 50 nm (Whatman Ltd., UK). This procedure results in an optically
clear vesicle solution indicating that the vesicle size drops below the wavelength of
light. Dynamic light scattering (DLS) measurements revealed size distributions with
maximum diameters of around 100 nm, which classifies the vesicles as LUVs. A
diameter larger than the membrane pore size can be explained by squeezing of the
vesicle through the membrane pores.
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Figure 3.6: Chemical structures of the lipid NBD-PE and the lipophilic carbocyanine DiO
used for fluorescent labelling of the lipid bilayer.
3.2.2 Bilayer Formation by Vesicle Rupture
Spontaneous lipid bilayer formation can be a facile and reliable method to produce
supported lipid bilayers and works best on thoroughly cleaned SiO2 substrates.
Therefore, after ultrasonication successively in DI water and ethanol for 30 min, the
surfaces were cleaned in a 1:1:5 mixture of ammonium hydroxide, hydrogen peroxide
and DI water at 70◦C for 10 min and rinsed intensively in DI water. The samples
were dried under a stream of nitrogen and could be stored in an argon atmosphere
to prevent new contaminations. Prior to bilayer formation, the samples were treated
with an air plasma (Harrick Plasma, Ithaca, USA) at maximum intensity for 2 min,
which produces a high concentration of OH-groups at the surface and renders the
surface highly hydrophilic. As this state is not stable, the vesicle solution with a
concentration of 0.5 mgml−1 was added immediately after plasma treatment. The
bilayer formation occurs within minutes, but the sample was incubated for two hours
at 40◦C to produce homogenous and largely defect-free lipid bilayer. The samples
were gently rinsed at least ten times by adding ≈300 µl and take away the same
amount. Great care was taken to prevent contact between surface and air. A steady
water film covered the surface and gas bubbles were avoided to not disrupt the lipid
bilayer.
3.2.3 Bilayer Formation by Drying/Rehydration
For surfaces where lipid bilayer formation by vesicle rupture did not work, the dry-
ing/rehydration method could help to overcome the barrier to form the energetically
most favorable case of a planar bilayer. LUV solutions were allowed to dry in glass
rings glued to polymer coated cover slips at 40◦C under gentle air flow over night.
DI water was used as buffer for LUV preparation to prevent salt crystallization. The
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Figure 3.7: SDS-PAGE electrophore-
tograms of the proteoliposome prepa-
ration. The marker lane (M), the lane
of the sample before flotation and the
fraction 1-10 (from bottom to top) after
flotation are shown.
samples were rehydrated with DI-water for at least 4 h and subsequently rinsed
with DI-water at least ten times and afterwards with the designated buffer again ten
times. After bilayer formation, the samples were characterized by cLSM and FRAP.
3.2.4 Proteoliposome Preparation
The lipid composition is crucial for the integration of transmembrane proteins
into a bilayer by slowly reducing the concentration of a surfactant that results in
proteoliposome formation. The presence of cholesterol increases the amount of protein
that can be incorporated. In this respect, a mixture DOPC:SM:Chol with the molar
ratio 2:2:1 works adequately. It was successfully applied for incorporation of several
membrane-spanning proteins (Ü.Coskun, personal communication, 08/2010). This
mixture was chosen for the integration of integrin, which was previously labeled with
a fluorescent marker (see section 3.4.1). A protein to lipid ratio of 1:5000 was used
that is close to the native integrin concentration25. Proteoliposomes were prepared
by mixing integrins solubilized by the detergent (OG) with lipid vesicles followed
by dialysis to remove the detergent slowly. Vesicles containing transmembrane
integrins form by self-assembly. Flotation on a sucrose density gradient was used to
separate proteoliposomes from non-integrated proteins. 15 µ l of the samples before
flotation and of the fractions after flotation were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), see Figure 3.7.
Two bands were found around 100 kDa that are the two integrin subunits, α5 and
β1, respectively. Non-integrated integrin was mainly found in fraction 1, whereas
proteoliposomes were found in fractions 7-10. When comparing the intensities of
the fractions after flotation, it can be seen that a considerable amount of roughly
half of the integrins could not be integrated to proteoliposomes. Fractions 7-10 were
pooled, aliquoted and stored at -80◦C.
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Figure 3.8: The principle of QCM-D. A quartz crystal is clamped by two gold electrodes
that excite the crystal to oscillate in a transversal mode. After interrupting the power
supply, the current response is recorded and automatically fitted to determine frequency f
and dissipation D. Both provide information about the mass and viscoelastic characteristics
of the surface-bound layer.
3.3 Analysis Techniques
3.3.1 Quartz Crystal Microbalance with Dissipation Monitoring
QCM-D is a technique to measure changes of thin films attached to surfaces, both
absolute values and viscoelastic properties. QCM-D is the method of choice when
features like sensitivity, realtime measurement, flow setup, control of temperature,
and quantitative values are needed.
The rather simple principle of the measurement is that the change in frequency
∆ f of a transversally oscillating quartz crystal at its resonance frequency f is
related to the mass ∆m coupling to the crystal surface according to the Sauerbrey
equation161:
∆f
n
= − f
dQ ·AQ · ρQ
·∆m (3.1)
where n is the overtone number, dQ is the thickness of the quartz crystal (0.3586 mm
for the used crystals), AQ the sensor area, and ρQ the quartz crystal density
(2684 kgm3). However, equation (3.1) only holds when the added layer is sufficiently
thin and rigid. Other assumptions are a homogenous distribution of the added
mass across the sensor surface and the tight binding with no slip at the measured
frequencies.
When the viscoelastic contribution of the added layer becomes significant, the
dissipation or damping factor D comes into play. It can be regarded as the part of
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the energy in the system Estored that is lost in damping processes due to viscoelastic
relaxations Edissipated:
D =
Edissipated
2πEstored
. (3.2)
D is determined from the decay of the frequency amplitude. Recording of D can
be used to describe the tendency of viscoelasticity in dynamic processes and to
determine the rigidity of a film. For this purpose, D of a crystal without coating but
otherwise under the same conditions (temperature, buffer) can be used as a reference.
The dissipation in combination with the frequency response can additionally be
used for parametric modeling to extract relevant values. Two simple models for
the description of linear viscoelasticity are the Maxwell model and the Kelvin-Voigt
model. Both approaches can explain the increase in dissipation with a growing viscous
contribution of the thin film. The thickness is underestimated by the Sauerbrey
equation since energy is dissipated by viscous processes on the expense of reduced
∆f . The models account for this energy transition and provide the deposited mass
as a main parameter. However, these models are limited to low contribution of
dissipated energy. The more integrated model developed by Voinova et al. (1999)
was used to model thick viscoelastic films, where the acoustic wave penetration depth
is in the range of the film thickness. Details on the Voinova model can be found in
Section A.2 and A.3 of the Appendix.
QCM-D experiments were performed on a Q-Sense E4 (Q-Sense AB, Gothenburg,
Sweden). Up to three PNIPAAm samples and one SiO2 reference sample were
mounted and sealed with a rubber ring on a flow chamber. The temperature of the
measuring chambers was precisely controlled between 20◦C and 40◦C with a stability
of ± 0.02 K. Phosphate buffers for swelling experiments were adjusted at room
temperature to the required pH between 4.5 and 8.5 by mixing 15 mM NaH2PO4
and 15 mM Na2HPO4 (both from Sigma-Aldrich, St. Louis, MO, USA) containing
135 mM NaCl in adequate proportions. Minor changes in pH due to temperature
dependence were neglected. The phosphate buffer was temperature-equilibrated and
degassed to avoid the formation of air-bubbles in the measuring chambers. The
swelling of the samples was probed in flow mode at 100µlmin−1 until a constant
baseline was reached, usually after 5 - 10 min. The small samples volume above
the sensor of ≈ 40 µl ensured a fast change of buffer composition and low mixing
artefacts. AT-cut quartz sensor crystals (Q-Sense AB, Gothenburg, Sweden) were
used with a 50 nm silicon oxide layer made by plasma-enhanced chemical vapour
deposition (GeSiM mbH, Großerkmannsdorf, Germany) onto the gold electrode. The
crystals were operated at the fundamental resonance frequency of about 5 MHz
(specifically determined for each crystal) and the 3rd, 5th , 7th and 9th overtones.
Changes in frequency f and dissipation D were automatically recorded from the
decay curves. Unless stated otherwise, only data of the 3rd overtones are presented,
frequencies were normalized by the overtone number.
The crystal oscillations are sensitive to temperature and changes in buffer density
and viscosity. To consider and cancel out such changes, the values of the SiO2
reference crystals were subtracted from the sample crystals. QCM-D measurements
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for swelling and collapsing thin films gave the same values, a hysteresis could not
be observed, see Section A.1 of the Appendix. The plots of the dissipation changes
vs. temperature or pH-value were approximated by a sigmoidal curve. The onset of
dissipation changes (10% threshold) was defined as the starting point of the phase
transition. Data points of the transition onset beyond 40◦C were determined if they
could be extrapolated at a reasonable certainty.
To process the acquired data consisting of the frequencies and dissipations of
the four overtones, together with acquisition time and temperature, the analysis
software ’QTools’ (QSense) was used to select just the time point of interest (stable
response after change of temperature or pH). The absolute dissipation values were
used without an offset.
3.3.2 Atomic Force Microscopy
The capability of atomic force microscopy (AFM) to combine spatial resolution
in the near-atomic range with the measurement of force makes it an ideal tool to
characterize the topography of polymer thin films. In this work AFM was used
twofold: to measure the surface roughness and the thickness of polymer thin films.
Roughness analysis were carried out on a Nanoscope V 03100 (Veeco, Santa
Barbara, CA, USA) in tapping mode in buffer solution with AFM-tips from Bud-
getSensors (Sofia, Bulgaria) with a spring constant of 0.2 Nm−1. Images sizes were
10 µm with 512x512 pixels. The root-mean-squared (RMS) roughness RRMS is
regularly used to characterize the deviation of the surface from a flat one and is
given by:
RRMS =
√
1
N
∑
y2n (3.3)
with N being the number of data points and yn the vertical heights. Note that only
features that are smaller than the size of the image and larger than the size of one
pixel (20 nm) contribute to RRMS .
Image acquisition to determine the film thickness of swollen polymer thin films
was done on a PicoSPM (SPM 1000; Molecular Imaging, UK). The samples were
scratched with a razor blade and the mean difference in height compared to the
nonscratched area was measured.
3.3.3 Ellipsometry
Ellipsometry was used to obtained the optical thickness of thin films in dry state and
immersed in fluid. For dry ellipsometry, the rotating analyzer ellipsometer SE400adv
(SENTECH Instruments GmbH, Berlin, Germany) equipped with a helium-neon
laser (λ=632.8 nm) was used. Each value consisted of 3 measurements at different
points on the sample at the angles of 60◦, 65◦ and 70◦.
For liquid-mode measurements the ellipsometer M-2000VI (J. A. Woollam Co., Inc.,
Lincoln, USA) with a diode array rotating compensator in polarizer compensator
analyzer configuration with a 50 W mercury lamp light source (λ=370-1700 nm)
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was used. A liquid glass cuvette with side panels being perpendicular to the light
beams was used. Samples were incubated before experiments at least 1 h with
10 mM HEPES, 100 mM NaCl, pH 7 at RT, during experiments the temperature
was program-controlled.
For both dry and liquid-mode ellipsometry, the obtained values for phase shift ∆
and amplitude ratio Ψ were fitted based on a Cauchy multilayer model for the layers
Si, SiO2, PGMA, PNIPAAm-co-carboxyAAM, and fluid or air.
3.3.4 Turbidimetry
To specify the phase transition temperatures of PNIPAAm-co-carboxyAAM in
solution the turbidity depending on temperature was measured with a Specord
S-10 (Carl-Zeiss, Jena, Germany) spectrometer at a fixed wavelength of 280 nm in
phosphate buffer. The phase transition temperature TP was determined from the
onset of clouding. Air bubbles formed at high concentrations during preparation of
the solutions due to the high viscosities. The bubbles disappeared after degassing
the solution in a vacuum and equilibrating the solution in the cuvette over night.
The temperature was adjusted and controlled by coupling the sample holder to a
water bath equipped with cooling and unit.
3.3.5 Confocal Laser Scanning Microscopy
For imaging purposes and also for quantitative measurements, a confocal laser
scanning microscope (cLSM; Leica TCS SP5, Leica Microsystems, Wetzlar, Germany)
was used. The resolution of cLSM is limited twofold – by the diffraction of light as
a consequence of its wave nature and the aperture of the optical system being the
opening angle α of the objective. The latter depends on the refractive index n of the
optical medium and is combined with it in the numerical aperture NA = n · sinα
being an attribute of microscope objectives. The minimum axial resolution depends
on the size of the confocal pinhole (usually set to rAiry) and is 2-3 times the lateral
resolution. The sample was scanned laterally with the help of a galvanometer-driven
mirror and axially by a likewise galvanometer-driven microscope stage. The oil
immersion objectives 20x/0.7, 40x/1.25 and 63x/1.40 were used for the experiments.
For excitation, the appropriate laser line was chosen. An UV-diode laser (405 nm),
an argon laser (458 nm, 476 nm, 488 nm, 496 nm, 514 nm), a diode pumped solid
state (DPSS) laser (561 nm), and a helium-neon laser (633 nm) were installed
at the system, all being available in parallel by the usage of the acousto-optical-
beam-splitter (AOBS) system. In combination with the laser intensities, the gain
of the photomultipliers was set to cover the whole dynamic range (8 bit). Unless
otherwise stated, images were taken at 512x512 pixels. 22×22 mm cover glasses
(#1.5, thickness 0.16 - 0.19 mm) were used for cLSM and obtained from Corning
B.V. Life Science (Amsterdam, Netherlands).
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3.3.6 Fluorescence Recovery after Photobleaching
Fluorescence Recovery after Photobleaching (FRAP) was first introduced by Peters
et al. (1974) to show the lateral lipid mobility in a cell membrane. Axelrod et
al. (1976) derived the basic equation toolkit for the quantitative determination
of the diffusion coefficient. FRAP experiments are also used to confirm lateral
mobile lipids within a planar lipid bilayer. FRAP was performed by scanning a
circular region with the diameter ω at maximum laser intensity using cLSM. Thus,
the fluorescently labeled lipids within this region are photobleached. Depending
on the lipid mobility, fluorescent lipids from the vicinity mix with the bleached
lipids and the observed fluorescence intensity recovers. When the lipid mixture is
homogenous, all lipids approximately move with the same lateral velocity. Since
the fluorescent probe and the lipid matrix move in a superimposing manner, the
diffusion of the probe reasonably reflects the overall diffusion process. To correct for
the acquisition bleaching occurring during imaging, the data was normalized using a
method introduced by Phair et al. (2004). The mean intensity within the bleached
area Ifrap(t) was normalized twofold: (i) with respect to the entire frame intensity
Iwhole(t) (it is assumed that the bleach spot is small compared to the image size)
after subtracting the background intensity Ibg and (ii) by the prebleach intensities
Iwhole−pre and Ifrap−pre.
Ifrap−norm(t) =
Iwhole−pre
Iwhole(t)− Ibg
·
Ifrap(t)− Ibg
Ifrap−pre
. (3.4)
The normalized data was used to determine the lateral diffusion coefficient Dlat by
a least-square fit with the analytical derived equation for uniform circular bleached
spots166:
I(t) = A · e
−2τD
t
[
I0
(
2τD
t
)
+ I1(
2τD
t
)
]
+B (3.5)
Dlat =
ω2
τd
. (3.6)
I0 and I1 are modified Bessel functions, τD is the characteristic diffusion time. The
scaling variables A and B were used to estimate the mobile fraction F = A+B. Since
different set-ups, settings and algorithms result in different values, the acquisition
conditions and parameters needed to be optimized to be close to the real values of
Dlat and enable a comparison to referenced literature. To avoid bleaching during
image acquisition the laser intensity was decreased to roughly 5%, the number of
images taken was kept small, and also the amount of pixels was set to only 128x128
pixels. A high NA objective (63x/1.4 or 40x/1.25) was used at zoom 4; line frequency
1000 Hz; pinhole=2 airy units; bidirectional scan. The mathematical model used
assumes a perfectly disc-shaped bleached spot. This is hampered by moving lipids
during bleaching causing a ’corona’. That can be partly avoided by using high
light intensities resulting in short bleaching times. Technically, the bleach spot is
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generated by scanning a defined circular region line by line. In Figure 3.9, some
examples for the influence of the bleaching parameters spot radius ω and bleach
iterations are shown.
The smaller the spot the higher is the effective light intensity and bleaching extent.
If the bleach efficiency is not sufficient the region may need to be scanned by several
iterations, which enhances the ’corona’ and leads to deviations from the course
of the fit function. The extent of photobleaching also depends on the fluorophore
bleach spot radius
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Figure 3.9: The effect of bleach spot radius and bleach iteration number of FRAP mea-
surements on the postbleach fluorophore concentration profile and the resulting recovery
curve for the examples of one and twenty iterations. The image size is 61.2 µm.
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Figure 3.10: The fit-
ted value of the lipid
diffusion coefficient
Dlat depends on the
radius of the bleached
spot and the iterations
used for bleaching. The
lines serve as a guide
for the eye.
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properties and buffer composition. The limited point spread function of the laser
spot results in blurred edges as well. This effect decreases in relation with higher
radii. Taken together, as shown by Weiss (2004), this ’corona’ effect leads to an
underestimation of Dlat, as shown in Figure 3.10 for radii of 2.5 µm and 5 µm. The
overestimation for 20 µm is caused by the large bleached area in comparison to
the image size affecting the data normalization. The curve for 10 µm shows the
influence of both factors. Both effects can be accounted for by determining Dlat for
several bleaching iterations and extrapolate to the value of zero iterations. However,
such a procedure would be too time-consuming for many measurements at different
conditions, hence a compromise with optimum parameters was chosen. Therefore, all
FRAP experiments were set to be measurements with the spot radius of ω = 5 µm
and 1 iteration, with each data point representing three to five FRAP measurements.
3.4 Biotechnological Methods
3.4.1 Fluorescent Labelling of Integrin
For fluorescent microscopy α5β1 integrin was labelled with an Alexa 647 reactive
ester (Molecular Probes, Eugene, OR, USA). Human α5β1 integrin was obtained
from Millipore (Billerica, MA, USA) in a buffer containing 25 mM Tris, 150 mM
NaCl, 100 mM octyl-β-D-glucopyranoside (OG), 1 mM MgCl2, 0.2 mM CaCl2 at
pH 7.4 with 0.1% sodium azide. The fluorescent probe with a succinimidyl ester
reacts with primary amino groups of the α5β1 integrin, i.e. lysine or terminal amino
groups. The protocol was adapted from Sigma. 10 vol.% of 1 M NaHCO3 were added
to the α5β1 integrin solution to raise the pH for a faster reaction. Alexa 647 reactive
ester was added in 50 times molar excess and incubated for 1 h at RT. Nonbound
fluorescent probe was washed out by ultracentrifugation (Amicon Ultra-15, nominal
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molecular weight limit 30 kDa, Millipore). The degree of labelling was determined
photometrically to be 0.7 molA647mol−1int.
3.4.2 Immunostaining of Integrin
For the quantification of surface bound integrin four different antibodies were tested,
see Table 3.3. Integrin α5β1 was incubated for 1 h at RT at a concentration of
1 µgml−1 in 25 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2 (and
1 mM MnCl2, as indicated), pH 7.25 on cleaned glass coverslips (see section 3.1.1).
The samples were blocked for 1 h with 10% FCS in PBS. Primary antibodies were
incubated 45 min, secondary antibodies 30 min, both at a dilution of 1:200. Between
each step the samples were rinsed three times with 3% FCS in PBS. Mn2+ was
supplemented to the respective incubation buffers to keep the activation state of the
integrin. For the studies of integrin binding to PNIPAAm-co-carboxyAAM, blanks
without the primary antibody were subtracted.
3.4.3 Endothelial Cell Culture
PNIPAAm-co-carboxyAAM thin films were biofunctionalized by cRGD. However,
it is difficult to measure the finally immobilized surface concentration of cRGD by
simple means. Therefore, the culture of endothelial cells on these surfaces was used
with cells as biosensors for successful cRGD immobilization.
Umbilical veins were obtained from the University Hospital Carl Gustav Carus,
Technical University Dresden. Human umbilical vein endothelial cells (HUVECs)
were detached with the help of collagenase and transferred to cell culture flasks priorly
coated with FN. Alternatively, HUVECs stored in liquid nitrogen from previous cell
preparations were gently thawed and used for cultivation. Endothelial cell growth
medium (PromoCell, Heidelberg, Germany) was supplemented with 2% fetal calf
serum (FCS) and cells were grown in an incubator at 37◦C and 5% CO2 (Hera
Cell 150, Heraeus, Hanau, Germany). When confluency was reached, cells were
checked for contaminations, the old medium was removed and the adherent cells
were rinsed twice with PBS to remove dead cells. Cells were detached proteolytically
Table 3.3: Antibodies used for immunostaining of integrin α5β1.
epitope name & provider host & subtype secondary antibody
α5 non-blocking BD 555650, clone VC5
(BD Pharmingen, NY,
USA)
mouse IgG1 Alexa488 goat anti mouse
α5 intracellular domain Chemicon AB1928 (Milli-
pore, MA, USA)
rabbit IgG Alexa456 donkey anti rab-
bit
β1 active conformation Millipore MAB2079Z mouse IgG2b Cy5 donkey anti mouse
β1 extracellular domain sc-9936 (Santa Cruz
Biotechnology, Ca, USA)
goat IgG Alexa488 donkey anti goat
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with trypsin and addition of ethylenediaminetetraacetate (EDTA) to withdraw free
Ca2+ for inactivation of adherence promoting integrins. PBS supplemented with 10%
FCS was added when cells were detached to inactivate trypsin. Cells were washed
with PBS by centrifugation at 1500 rpm for 5 min (Biofuge primo R, Heraeas). Cells
were suspended in fresh cell medium and the cell number was determined with a
Casy I cell counter (Schärfe System, Reutlingen, Germany). 5000 cells were seeded
into the wells created by the silicone-glued glass rings in a volume of 300 µl yielding
a cell density of ≈ 1.3 · 104 cells cm−2. Cells were grown for 3 h in the incubator.
The reflection mode of the cLSM was used to visualize the HUVEC adhesion contact
area. Images were taken with a 20x/0.7 oil immersion objective and with the heat
incubation chamber of the microscope set to 37◦C to avoid swelling transitions of
the PNIPAAm-co-carboxyAAM thin films.
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4.1 PNIPAAm-co-carboxyAAM phase transition in thin
films
4.1.1 Topography of Polymer Thin Films
To preserve the stimuli-responsive properties of PNIPAAm-co-carboxyAAM in
the immobilized state, the structure of polymer chains should be maintained as
far as possible. Two anchoring strategies were used and compared: a grafting-to
approach and plasma immobilization using low pressure argon plasma. In Figure 4.1,
the anchoring bonds of both approaches are illustrated. In the first approach,
PNIPAAm copolymers containing carboxylic acid groups were grafted onto epoxy-
PGMA pre-coatings that served as adhesion promoters. Covalent attachment of the
carboxylic acid moieties of the copolymers to the epoxy units of the attached PGMA
macromolecules leads to the chemical attachment of PNIPAAm on the underlying
substrate158,168. The maximum height of the thin film is limited by the length of
the polymer chain. Since the carboxylic acid groups are statistically distributed over
the copolymer chains, multiple binding sites are possible. As a reference, samples
with plain PNIPAAm polymers were prepared using a carboxyl end-capped linear
PNIPAAm.
For the plasma immobilization, PNIPAAm-co-carboxyAAm thin films were spin-
coated onto hydrophilized Teflon AF acting as supporting layer. The plasma treat-
ment leads to random cross-links within the PNIPAAm layer to a certain depth,
typically around 20 nm. Atomic force microscopy was used to evaluate the quality
on a nanometer scale and to compare the two immobilization strategies. The images
are shown in Figure 4.2. The height distributions of the AFM images were quantified
by the readout of the RMS value, shown in Table 4.1, accordingly supporting the
visible differences. Both preparations were done on cover slips (silicon dioxide) with
an RMS value of 0.37 nm. The anchorage layers PGMA and Teflon AF reduced
anchorage layer
grafted polymer
anchorage layer
plasma immobilized polymer
a b
Figure 4.1: Polymer anchorage schematic comparing the two strategies (a) grafting to and
(b) plasma immobilization. The red dots represent covalent bonds.
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Figure 4.2: AFM height images of dry surfaces taken in tapping mode. C10AAm2 was
used exemplarily as PNIPAAm-co-carboxyAAm coating.
the RMS to 0.17 nm and 0.19 nm, respectively. Upon the examination of the top
layer PNIPAAm-co-carboxyAAm significant differences were observed. The plasma
treatment caused the formation of irregular lamellar structures. The formed lamella
were around 5 nm in height and with flat areas in between of around 500 nm. Two
possible mechanisms can explain the topography: (i) an expansion of the top layer
during plasma exposure leading to folding of excess material; (ii) a locally higher
energy discharge shaped the lamella while the material that was not cross-linked got
removed during rinsing. For the grafted PNIPAAm-co-carboxyAAm, the surfaces
looked much smoother with shallow lines being visible on a larger scale. They
probably result from centrifugal forces during spincoating.
Albeit the swelling characteristics of the plasma immobilized thin films were not
tested in this work, it can be assumed that the found inhomogeneities will hamper a
regular swelling. Both chemically and plasma induced cross-linking was reported to
disturb the phase transition of PNIPAAm65,169. Additionally, a small roughness of
supports can be crucial for the formation of lipid bilayers. The grafting-to approach
prevented lateral surface inhomogeneities and did not cause any cross-linking of
the copolymer chains. For these reasons the grafting-to approach turned out to be
superior for our purpose and, hence, was utilized for further investigations.
The knowledge about the surface roughness in solution is important to describe the
swelling behavior of polymer thin films. The swelling of the polymer anchored to the
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Figure 4.3: AFM height images of PNIPAAm-co-carboxyAAm surfaces taken in tapping
mode in fluid. Images were taken at pH 8.3 (swollen) and pH 3.8 (collapsed) in phosphate
buffer. C5AAm10 was used as coating.
underlying substrate will take place in the direction of least resistance, perpendicular
to the surface. If the coating is not homogenous, the swelling will not be as well.
This will also have implications on the swelling characterization and further usage
as cushion for lipid bilayer81.
In Figure 4.3 the AFM images of collapsed and swollen PNIPAAm-co-carboxyAAm
thin films are shown, the corresponding RMS values are given in Table 4.1. Un-
fortunately, film thicknesses are not available but remarkably the swollen films are
smoother than the collapsed one (0.83 nm compared to 2.9 nm), in contradiction to
first expectation. There are evenly nanometer sized aggregates distributed all over
the collapsed film, mostly vanishing upon swelling. The individual aggregate height
is around 5-15 nm. The results are in good agreement with findings of Ishida and
Biggs 170,171 , who investigated PNIPAAm thin films prepared by a grafting-from
approach with a thickness of 65 nm in swollen state. They found an RMS roughness
of 3-4 nm in collapsed and ≈1 nm in swollen state.
Table 4.1: Overview of the roughness parameter RMS for PNIPAAm-co-carboxyAAm thin
films and its anchorage layers in dry state. The height distribution as shown in Figure 4.2
and Figure 4.3 over the area of 100 µm2 were used for the calculation. The asterix (∗)
denotes measurements in phosphate buffer solution.
layer plasma-immobilization grafting-to
SiO2 0.37 nm
anchorage layer 0.19 nm (Teflon AF) 0.17 nm (PGMA)
PNIPAAm-co-carboxyAAm 3.5 nm 2.2 nm
2.9 nm∗ (collapsed)
0.83 nm∗ (swollen)
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Figure 4.4: Autocorrelation function of AFM height images of PNIPAAm-co-carboxyAAm
at pH 8.3 (swollen) and pH 3.8 (collapsed). The profile was measured perpendicular to
the scanning direction. The full width at half maximum (FWHM) is indicated by the two
crosses.
In Figure 4.4 the average size of the aggregates was determined by autocorrelation
the AFM height images. A domain size of 40 nm for the aggregates on the collapsed
film was found. Relatively few aggregates remained upon swelling at alkaline
conditions with a slightly larger size of 70 nm in average. Taking tip convolution
into account, the aggregates are probably slightly smaller. The first side maximum
of the radially averaged autocorrelation gives the mean distance between spots. The
aggregates in the collapsed film were separated by 190 nm (surface density 8.8 µm2).
The distance increased to 510 nm for the swollen films (surface density 1.2 µm2).
Overall, the substantially smoother surface with only few remaining aggregates
upon swelling indicates a mushroom-to-brush transition. The size of the domains of
around 40 nm in diameter and 5-15 nm in height hints to multiple chains aggregating
around hydrophobic core domains in the mushroom state. Swelling of the polymer
film results in an even and smooth surface that is characteristic for polymer brushes.
A brush-like chain conformation can be expected for PNIPAAm-co-carboxyAAm
as discussed earlier for the PNIPAAm homopolymer172,173. The polymer brush
configuration of the PNIPAAm-co-carboxyAAm thin films will be further analyzed
and discussed in section 4.1.4.
Table 4.2: Ellipsometric thicknesses for the PNIPAAm-co-carboxyAAM multilayer system
in dry state.
PGMA PNIPAAm-co-carboxyAAM
before rinsing (8.2±0.9) nm (29.7±4.2) nm
after rinsing (5.5±0.7) nm (18.1±3.1) nm
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4.1.2 Swelling Characteristics Attained by Ellipsometry
During the built-up of the layer structure, all steps were followed by ellipsometry to
control the quality and exclude bad samples. As expected, the procedure turned
out to be highly robust and reproducible. The overall measured thicknesses of the
coating steps are summarized in Table 4.2. There was no significant difference
between the different PNIPAAm-co-carboxyAAM. Even at much higher copolymer
solution concentrations, the thicker layers after spincoating did not lead to thicker
layers after rinsing indicating saturation in grafting density.
Figure 4.5 illustrates exemplarily the ellipsometric measurements that were per-
formed on C5AAm2 thin films in solution. The temperature was increased and
decreased twice and C5AAm2 responded with collapsing from 105 nm down to 15 nm.
The refractive index n changed from 1.35 to 1.5 in an inverse trend. As n of water
is 1.33 and that of polymers usually around 1.5, n of the partially swollen polymer
network will be proportional to the mass concentration of both components in a
good approximation.
For a better representation the thickness and refractive index is shown in depen-
dence on temperature in Figure 4.5b. Noticeably, the thicker layer at the beginning
of the experiment in Figure 4.5a was not recovered in succeeding temperature cycles,
as initially entangled and weakly associated chains were expelled. The thin film
was swollen below 40◦C. With decreasing temperature the thickness of the thin film
increased.
In addition to C5AAm2, some more ellipsometric data are shown in Figure 4.6.
For the PNIPAAm homopolymer the optical TP was around 32◦C, which coincides
with its TP in solution at low concentrations. The swelling for C5AAm5 occurred
10◦C above TP of C5AAm2. The higher content of carboxy groups that are charged
at pH 7 can be accounted for this difference. In turn, for C10AAm5 the larger alkyl
spacer obviously compensates the increased influence of AAm5, which led to TP
around 29◦C. For C2AAm10 the swelling transition was above the temperature range
of the measurement setup.
Concerning the sharpness of the swelling transition, the initial increase upon
swelling onset can be compared. PNIPAAm homopolymer (21 nmK−1) swells
strongest, followed by C10AAm5 (4.3 nmK−1), C5AAm2 (3.0 nmK−1) and C5AAm5
(2.1 nmK−1). Clearly, the addition of comonomers reduces the sharp LCST transition
of pure PNIPAAm. For all thin films no maximum thickness was reached in the
measurements. No plateau region was observed for low temperatures. Accordingly,
there was no real switching between two thicknesses like for the sharp solubility
transition of PNIPAAm in solution. The distribution of chain length and varying
conditions in the segment density profile are thought to be responsible for the gradual
change in thickness. The change in thickness of switchable thin films is just one of
the influenced surface characteristics. In case of the support for lipid bilayer also
other parameters like polarity, roughness and surface charge need to be considered.
The most important point where these properties drastically change is TP .
55
4 Results and Discussion
The experiments presented were carried out at pH 7. A complete understanding
of the swelling transitions requires data from other pH values. Due to lack of
automation of pH-dependent measurements, ellipsometry could not be used to obtain
a complete data set. Parallel measurements are a way to circumvent the problem,
which can be achieved by QCM-D. This surface sensitive technique has been shown
to be powerful in characterizing responsive thin films30,67,174 and will be treated in
the following section.
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Figure 4.5: Ellispometry measurements of the temperature dependent swelling process
of C5AAm2 at pH 7. (a) shows the graph for the temperature setting and the resulting
changes in thickness and refractive index. In (b) the same data is plotted over temperature.
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Figure 4.6: Results of ellispometry measurements at pH 7 for the indicated PNIPAAm-co-
carboxyAAm and the PNIPAAm homopolymer as reference.
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4.1.3 Swelling Transition Analysis by QCM-D
The results of a representative QCM-D measurement with stepwise increasing pH
at a constant temperature are given in Figure 4.7. The pH value was gradually
increased from pH 5 up to pH 8.5. We usually observed a decrease in frequency
(displayed as an increase of ∆f) upon pH increase indicating a gain in mass of
the copolymer. This behavior is accompanied by an increase in dissipation again
pointing at the increased swelling of the copolymer film. The mass increase can be
attributed to the incorporation of water into the swollen film98,175. The swelling of
the polymer film led to a softer film characteristic with a higher viscous contribution
as it becomes obvious from the increasing dissipation signal. However, above pH 6.5
the trend in the frequency was reversed except for the 1st overtone. A further
increase in pH resulted in a slight increase in the frequency of the 3rd overtone, and
also 5th to 9th overtone. In contrast, the dissipation signal further steadily increased
with increasing pH. At first glance, such an observation is somehow surprising
as one would expect a further increase in film swelling, which would also fit to
the decrease in frequency for the 1st overtone and the dissipation increase. Yet,
the frequency decrease for the other overtones would contradict this interpretation.
However, the decreasing frequency is an effect that can be attributed to the frequency
dependence of damping and reflection of acoustic waves at viscoelastic layers162,176.
For more details, a comprehensive solution of QCM-D wave propagation (the Voinova
model) and simulations of QCM-D data within realistic boundaries can be found in
Section A.2 and A.3 of the Appendix.
In contrast to the frequency, the dissipation did not reverse in any of the experi-
ments carried out, as this will only occur at even higher thicknesses, see Figure A.3.
The dissipation depends on temperature as a result of changes in viscosity, density
and shear viscosity of all layers involved: crystal, polymer film and bulk liquid. The
crystal related changes induced by temperature are cancelled out by subtracting the
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Figure 4.7: QCM-D frequency (a) and dissipation response (b) of C10AAm5 at 20◦C upon
rinsing with phosphate buffers of increasing pH as indicated by the arrows. Note that the
frequency shift is multiplied by (-1).
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Figure 4.8: Dissipation shift differences ∆ Ddiff of C10AAm5 as a consequence to the
swelling processes at different temperatures and pH. The identical data points are presented
versus temperature (a) and pH (b) for clarity. Sigmoidal curves are fitted to the data points.
respective values of the SiO2 reference crystal from the sample crystals. As long as
the polymer layer is in its collapsed state, it can be anticipated as a rigid layer. Both
absolute dissipation values are equal and the obtained dissipation shift difference
∆ Ddiff ≈0. The beginning of the swelling of the polymer film causes ∆Ddiff to
rise. The dissipation changes are used to distinguish the beginning of swelling of the
polymer film as a characteristic measure of the swelling transitions.
As outlined in the experimental section, the pH-dependent swelling was investigated
for all PNIPAAm-co-carboxyAAm between 20◦C and 40◦C. The temperature- and
pH-dependent dissipation change for the C10AAm5 copolymer is exemplarily shown
in Figure 4.8. ∆Ddiff was plotted versus temperature with pH as parameter
(Figure 4.8a) and versus pH with temperature as parameter (Figure 4.8b). In this
way, more data points were obtained to determine TP (pH). The phase transitions
are clearly dependent on pH as well as on composition. This dependence is expected
from the behavior in solution and demonstrates that PNIPAAm-co-carboxyAAm
can be functionally immobilized as thin films on planar substrates.
The characteristic influence of the PNIPAAm-co-carboxyAAm composition on the
swelling transition behaviour is shown in Figure 4.9 for one set of spacer length and
comonomer content. The general overview of the swelling transition in dependence
on pH and temperature for all copolymers is presented in Figure 4.10.
The results indicate four main tendencies that are discussed in detail below: (i)
the sharpness of the phase transition, (ii) the influence of the alkyl spacer length
(iii) the influence of the carboxylic acid content and (iv) the alkyl spacer specific
intersection.
(i) The sharpness of the phase transition is affected by the copolymer composition.
With respect to temperature changes, the PNIPAAm homopolymer showed the
sharpest transition since no comonomer disturbed the change in the entropically
driven hydrogen bond formation (no competitive mechanisms). A similar trend was
observed for swelling transition at changing pH with the main contributions resulting
from the charging of the carboxylic acid groups. Therefore, the copolymers with
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Figure 4.9: TP of the swelling onset plotted vs. pH as determined from the onset of the
sigmoidal fits in plots like those shown in 4.8 to compare the dependence on comonomer
content for the example of 2% (a) and on spacer length for the example of C10 (b) with the
PNIPAAm homopolymer as reference. The lines were drawn as guide to the eye to group
data points of a single polymer.
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Figure 4.10: Overview of TP of the swelling onset plotted vs. pH. The alkyl spacer length
of the copolymer is indicated by the symbol and the comonomer content by color as drawn
in the legend. Data points of the pH non-responsive PNIPAAm homopolymer are given as a
control. The lines were drawn as guide to the eye to group data points of a single polymer.
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the highest carboxylic acid group content showed the sharpest response to shifts in
pH-value (see also Figure 4.15). (ii) The longer the alkyl spacer of the carboxylic
acid group (increasing hydrophobicity) the more the swelling transition temperature
decreased. Figure 4.9a shows this effect clearly for the case of 2% comonomer content.
(iii) The higher the content of carboxylic acid groups the higher was the increase in
sensitivity towards pH changes. Figure 4.9b visualizes this behaviour for the case of
C10AAmy. This behaviour was especially characteristic for C5AAmy and C10AAmy
as the probed pH and temperature range broadly covered their swelling transitions.
However, a similar trend, but somewhat less prominent, was also observed for
C2AAmy. Since the only carboxyl group of the PNIPAAm homopolymer is used for
substrate grafting, it is not available for charging processes172,173 and accordingly
there was no dependence on pH. (iv) There exists an intersection of the curves of
different comonomer concentration for each alkyl spacer length, which directly fell
together with the pH-independent phase transition of PNIPAAm homopolymer (for
C5AAmy ≈ pH 4.7/ 30◦C; C10AAmy ≈ pH 7/30◦C), see Figure 4.9b and Figure 4.10.
Observation (ii) and (iii) are in agreement with the data from free polymer
chains in solution27 and can be expected from the intended purpose of the chosen
comonomers. While the hydrophobic parts disturb the formation of hydrogen bonds
of the polymer with water molecules, it facilitates a phase transition already at
lower temperatures. On the other hand, pH-dependent deprotonation of carboxyl
groups increases the amount of hydrophilic parts, which supports extramolecular
hydrogen bond formation. Hence, a stronger pH-dependence of the phase transition
temperature is expected for a higher comonomer content. When comparing the phase
transition temperature to the case of PNIPAAm homopolymer, it is obvious that at
acidic conditions the influence of the carboxylic acid groups of the comonomer is low
since the groups are protonated. Thus, the hydrophobic C-spacer is lowering the
transition temperature with increasing amount and increasing length. At alkaline
conditions, the ionised carboxylic acid groups dominate the behaviour thus reversing
the influence of the carboxy-AAm comonomer.
The statement (iv) from above deserves a more refined discussion. Obviously, there
exists an equilibrium between the degree of protonation and the hydrophobicity of the
alkyl spacer leading to an almost unperturbed PNIPAAm homopolymer characteristic.
This equilibrium state was distinct for each alkyl spacer length (C5AAmy ≈ pH
4.7/30◦C; C10AAmy ≈ pH 7/30◦C) and can be also expected from the extrapolated
curves of C2AAmy. At this point the comonomer content does not matter, since
the degree of ionisation of the carboxyl groups approximately compensates the
hydrophobicity of the C-spacers. Hence, one can dissect the copolymer behaviour in
two different characteristics:
(i) Locally the comonomer molecule is constituted of a hydrophobic part (alkyl
spacer) and a pH-dependent hydrophilic part (carboxyl group). At a certain state of
protonation of the carboxyl group, the local character of the comonomer resembles
in average the hydrogen bonding characteristics of a NIPAAm monomer. This state
clearly depends on the length of the alkyl spacer and is defined by a specific pH-value.
As at these conditions the carboxy-AAm comonomer cannot be distinguished by
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its hydrogen bonding properties from a NIPAAm monomer, no dependence on the
comonomer content is observed. (ii) However, at other protonation states of the
carboxyl group the comonomer can be distinguished from the NIPAAm monomers,
and at this state its global content along the polymer chain matters. Then, a shift in
phase transition is observed in dependence on comonomer content to lower or higher
values in respect to the dominating part being either of hydrophobic or hydrophilic
nature, respectively.
4.1.4 Surface Immobilization Effects
From the preparation method a brush conformation of the swollen polymer layers
can be expected as the covalent immobilization occurs in the rubbery state at 170◦C.
From simple scaling arguments of polymer theory of free polymer chains a radius of
gyration of Rg ∝ N1/2 (N being the degree of polymerization) has to be compared
to Rg ∝ N3/5 in the swollen state of a polymer chain, which leads to confinement
constraints of the substrate-grafted polymer chains in the swollen state.
The objective of the following considerations is to show that the fabricated thin
films are brushes by definition. Polymer thin films are called brushes when the
grafting density is lower than their unperturbed dimensions in (usually good) solvent,
which can be gauged by the radius of gyration. As a result the polymers get stretched
due to spatial constraints, which can result in distinct properties including high
interfacial density of functional groups, enhanced adhesive or anti-adhesive behavior,
wetting control, low friction lubrication177. The term looped polymer brush accounts
for the multiple binding sites of the chains, see Figure 4.1a.
The grafting density σ is given by
σ =
hρNA
MN
=
4
πD2
(4.1)
where h is the thickness of the thin film, ρ its bulk density, NA the Avogadro
constant, MN the number averaged molecular weight and Dlat the distance between
grafting points(considering one anchorage point per chain). For h the ellipsometric
dry thickness was used, see Table 4.2 and ρ = 1.269 g cm3 178. For PNIPAAm-
co-carboxyAAM σ was calculated to be between 0.10-0.19 chains nm−1, and Dlat
between 2.6-3.6 nm. As a measure for the degree of polymer chain confinement and
the degree of stretching the reduced tethered density can be used177. It relates σ to
the space the polymer would occupy in solution:
Σ = σπ RG (4.2)
where RG is the radius of gyration, i.e. the root mean square distance of the
monomers in the polymer chain from its center of mass. There are three conditions
that can be distinguished177, see Figure 4.11:
1. Σ < 1 – mushroom regime – chains hardly interact.
2. 1 < Σ < 5 – mushroom-to-brush transition – crossover regime
3. Σ > 5 – brush regime– highly stretched polymer chains
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Figure 4.11: Illustration of the mushroom-to-brush transition as a result of decreasing
grafting distance Dlat beyond the radius of gyration RG. Adapted from Brittain and Minko
(2007).
To estimate RG, the reduced flexibility of adjacent monomers was accounted for
by involving the Kuhn-length lK over which the segment behaves like a stiff rod. lK
is around 10 monomers for PNIPAAm179 and can be obtained by the relation for the
contour length L = Nl = NK lK . The contour length of PNIPAAm-co-carboxyAAm
was estimated by the atomic bonding geometry, see Section A.4 and Table A.1 of the
Appendix. The Flory radius of gyration accounts for the excluded volume effects180:
〈
R2G
〉
=
NνK l
2
K
(2ν + 1)(2ν + 2)
(4.3)
where the Flory exponent ν is 3/5 for good solvent conditions like for PNIPAAm
below the phase transion temperature. RG was 3.2-4.0 nm and, hence, with Σ =
5.0-6.4 the grafted-to PNIPAAm-co-carboxyAAm was in brush condition. These
calculations were done with the assumption of one grafting point per polymer chain.
But since there are roughly between twenty to hundred COOH groups (depending on
comonomer content), multiple binding will occur. As a consequence looped polymer
brushes form and the chains will be even more confined and forced to interact, to
the expense of brush height.
The Flory end-to-end distance Ree =
√
NνK l
2
K as a measure for the characteristic
size of a polymer chain calculates to be 8.5-10.5 nm. These values correspond
to measurements by dynamic light scattering of C5AAm2 at 25◦C (good solvent
conditions) that revealed a number-averaged hydrodynamic size of 8.6 nm.
As mentioned in the introduction, grafting of PNIPAAm polymers to solid supports
frequently resulted in a variation of the phase transition behavior in comparison to
the free solution case. Therefore, it is most instructive for the studied system to
compare the transition characteristics of polymers in solution27 with the surface
immobilized polymer chains.
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Figure 4.12: Overview of the collapse onset transition temperatures plots vs. pH. The alkyl
spacer length of the copolymer is indicated by the symbol and the comonomer content by
colour as drawn in the legend. Data points of the pH non-responsive PNIPAAm homopolymer
are given as a control. The lines were drawn as guide to the eye to group data points of a
single polymer.
As in the cited work differential scanning calorimetry (DSC) was used, it is impor-
tant to consider the different approaches in determining phase transition behavior.
Such effects are often neglected in relevant studies, and by that differences in phase
transition behavior are not appropriately discussed. Different tools like dynamic light
scattering, turbidimetry, contact angle measurements, film thickness measurements,
and DSC in solution or on solid supports probe different parameters of the phase
transition and partly look on different points of the phase transition meaning onset,
inflection points, or maximum peaks. Aside from method-specific deviations, in
principle, the collapse onset compares to the onset of the DSC thermograph heat
transition peak during a heating process or the turbidimetric cloud point and, ac-
cordingly, the swelling onset corresponds to the run-out of the DSC thermograph
peak (the start of chain swelling is usually not accessible by turbidimetry).
To compare the solution case with the thin film dataset, the collapse onset (the
polymer film starts to shrink during heating), was determined too, as the cited data
of solution experiments were presented in that manner, see Figure 4.12. It needs to
be mentioned that the collapse onset is just a rough estimation, because there is no
absolute value for the dissipation that can be defined as ’swollen’. In general, the
collapse onset transition data lie below the data from the phase transition in the
solution case.
Collapse onsets from PNIPAAm-co-carboxyAAm in solution (data are taken
from Kuckling et al. 27) and the surface-grafted films are compared for PNIPAAm
homopolymer and exemplarily for the C2AAmy copolymers in Figure 4.13. TP of
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Figure 4.13: Comparison of the TP in solution (open symbols) determined from DSC onset
(data taken from Kuckling et al. (2000)) with the corresponding TP of the collapse onset
(full symbols) determined by QCM-D for the PNIPAAm homopolymer and C2 copolymers.
PNIPAAm is reduced by 7◦C for the surface-grafted films in comparison to the
homopolymer in solution. For C2AAmy the picture is more complex, however, for
most conditions also in this case TP is lowered by 5◦C to 10◦C for the surface-grafted
films. For an explanation, considering differences between dissolved and grafted
polymer chains, a closer look on the local concentration of surface bound polymer
chains shows its value clearly above very diluted solutions. As shown earlier, the
brush-like conformation leads to concentrations of 11-20 wt.% in the fully swollen
state. This fact leads to a concentration dependence of the phase transition. As
shown in Figure 4.14, turbidimetric measurements of PNIPAAm homopolymer gave
lower TP with increasing concentrations in good agreement with literature181,182,
which can be nicely explained by a classical Flory-Huggins approach of polymers in
solution (see Section 2.1.1 of the Fundamentals).
Similarly, a decrease in phase transition temperature could be observed for increas-
ing concentrations of the copolymers, as exemplarily demonstrated for C10AAm5 in
Figure 4.14. Although the effect is much more pronounced in solution than observed
for the surface-grafted films, it showed the same tendency for pH-values at 7 and
8.5, supporting the idea of a TP shift due to the increased copolymer concentration.
To understand the mismatch between the surface-grafted case and the solution case,
we have to look in more detail on the solution behavior. While the change of TP was
independent of pH for the PNIPAAm homopolymer, our turbidimetry data indicated
that the concentration dependence of PNIPAAm-co-carboxyAAm is pH-dependent.
At high pH (i.e. pH 7 or pH 8.5), the change of TP with concentration is much higher
(≈ 15◦C) than for the PNIPAAm homopolymer. In contrast at low pH (i.e. pH 5)
the change in TP almost vanishes (below 3◦C). Such behavior is reasonable as the
binodal curve in the phase diagram might change due to variation in the solubility
of the polymer, as sketched in Figure 4.14. At high pH the deprotonated carboxyl
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Figure 4.14: Hypothetical
phase diagrams of PNI-
PAAm homopolymer and
C10AAm5 solutions with ex-
perimental data points from
turbidimetry illustrating the
dependence of TP on the
polymer concentration at
different pH.
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groups of the copolymer are leading to a better solubility. However, as deprotonation
might be also affected by the local concentration of carboxyl groups183 a faster
decrease in solubility with increasing concentration for the copolymer in comparison
to the PNIPAAm homopolymer can be expected. Hence, at high concentration one
can expect less carboxyl groups to be deprotonated leading to a stronger influence
of the alkyl spacer. Such mechanisms would lead to the stronger concentration
dependence of TP at high pH. On the other site at low pH (pH 5) the dominating
contributions come from the hydrophobic alkyl spacers leading to a suppression of
the PNIPAAm homopolymer concentration-dependent phase transition behaviour
and a shallower binodal curve.
Hence, we have to consider a more complex phase behaviour of PNIPAAm-co-
carboxyAAm affecting its concentration dependence, too. The surface-grafting
procedure can affect the comparison of the solution case and the grafted case even
more, as the number of carboxyl groups is decreased during the covalent anchorage
of the copolymer chains to the substrates. This reaction and the amount of grafting
points can also depend on the comonomer content making the overall process even
more complex and difficult to compare to each other. Other contributions like spatial
chain restriction62,184 are conceivable, as the grafted PNIPAAm-co-carboxyAAm is in
a brush state on the solid substrate. In summary it can be stated that surface-grafting
of the PNIPAAm homopolymers and copolymers in (looped) polymer brushes leads
to a decrease of TP most likely due to the increase in local polymer concentration of
the swollen film in comparison to the behaviour of free chains in a solution.
4.1.5 Illustration of the Swelling States
A summarizing overview of the swelling state from the dissipation data is presented
in Figure 4.15. By indicating the swollen and collapsed state by orange and blue
colours, respectively, it allows to reliably choose an appropriate PNIPAAm-co-
carboxyAAm to meet the requirements of different applications like actuators or
separation systems within a wide range of biologically relevant temperatures and
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Figure 4.15: Overview of the normalized dissipation shift differences of the set of PNIPAAm-
co-carboxyAAm used to visualize the pH and temperature responsive swelling behavior
(’swelling maps’). The dissipation shift was normalized for every polymer plot separately.
As assigned by the colour bar, blue pixels indicate the collapsed state and orange pixels a
swollen polymer film. Missing data points are marked in gray. The dissipation plot for the
PNIPAAm homopolymer is given as a reference.
pH-values. Interpolations and extrapolations can be used to predict the behavior of
a hypothetical CnAAmy copolymer not investigated in the current study.
4.1.6 Swelling Behavior and Biofuntionality upon cRGD Modification
The introduced carboxylic acid groups of the PNIPAAm-co-carboxyAAm thin
films provide an additional advantage for potential applications. Covalent coupling
of different molecules can be applied, for example the binding of peptides via
carbodiimide chemistry as demonstrated by Ebara et al. (2004) for the cell adhesion
ligand peptide RGD. The authors presented a PNIPAAm-co-2-carboxyisopropylAAm
copolymer with bound RGD and could demonstrate a successful application for
cell adhesion and cell detachment studies upon thermoresponsive switching. For
this work, the cRGD of the functionalized surfaces are intended to act as ligand for
bilayer incorporated α5β1 integrins. Carbodiimide chemistry with EDC/NHS was
used to covalently bind the primary amine of the cRGDs lysine to the carboxyAAM
comonomers.
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a b
Figure 4.16: Results of QCM-D measurements on the effect of cRGD functionalization
on PNIPAAm-co-carboxyAAm pH and temperature dependent swelling behavior. The
normalized dissipation shift differences are shown for (a) C10AAm10 and (b) C10AAm10
functionalized with 50 µgml−1 by carbodiimide bonding. The dissipation shift was normal-
ized for every polymer plot separately. As assigned by the color bar, blue pixels indicate the
collapsed state and orange pixels a swollen polymer film. Missing data points are marked in
gray.
Regarding the applicability for the integrin/bilayer/cRGD studies, three questions
are needed to be answer beforehand:
1. Is there an influence on the swelling characteristics after cRGD coupling?
2. Is it possible to adjust the immobilized concentration and can it be quantified?
3. Is the bound cRGD in an active conformation and available for integrin binding?
Concerning question 1: QCM-D experiments comparable to the ones shown in
Figure 4.15 were performed and the result is shown in Figure 4.16b. Exemplarily,
C10AAm10 was incubated with 50 µgml−1 cRGD. A reduction in the swelling
transition onset temperature was observed that was more pronounced for higher
pH values (∆T=-10 ◦C at pH 8.5 compared to -5 ◦C at pH7). At first glance, this
finding seems to imply a reduction in carboxy groups due to the consumption by
cRGD bonding. But cRGD itself again brings in a carboxy group by the aspartate
(for the structure of cRDG see Figure 3.3). Additionally, the highly alkaline group
guanidine (functional group of arginine) contributes to the charging process. The
impact of these effects on the pH- and temperature-responsive characteristic of the
PNIPAAm-co-carboxyAAm films is hard to distinguish. However, the essential
conclusion from these experiments would be a maintained responsiveness with slight
reduction in TP .
Concerning question 2: Since carbodiimide chemistry was used to immobilize
cRGD, the easiest way to adjust the surface density was to choose the appropriate
feed concentration. Different approaches were tried for quantification of the surface
density. High-performance liquid chromatography (HPLC) of samples hydrolyzed by
HCl in the gas-phase turned out be not sensitive enough for the detection of cRGD.
Using the RGD-receptor integrin as target in enzyme-linked immunosorbent assays
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Figure 4.17: Immunostaining of α5β1 integrin. (a) Fluorescent intensities of immunostained
α5β1 integrin physisorbed to glass measured by cLSM. The first two groups are negative
controls. Details on the four antibodies are given in Table 3.3. (b) Attempt to detect cRGD
functionalized C10AAm5 (50 µgml−1) with the help of the α5 non-blocking antibody.
(ELISA) is an option, however there is no commercially available ELISA-kit and a
self-made one was not working satisfactorily. A similar approach using fluorescently
labeled antibodies in an immunostaining assay was carried out with four different
antibodies for the integrin subunits α5 and β1. The comparison for the used primary
antibodies (see Table 3.3) is shown in Figure 4.17a. The α5 non-blocking antibody
worked best, whereas the integrin β1 intracellular antibody showed no signal with the
chosen parameters. The addition of the integrin activation promoter Mn2+ raised the
fluorescence signal nearly twice for the three antibodies. An enhanced binding was
only expected for the β1 antibody recognizing the active conformation of integrin.
This strange behavior certainly is an artifact and is not reasonable. A possible effect
of Mn2+ on the antibody affinity was not looked into further.
In Figure 4.17 the results of cRGD detection are shown, clearly being not successful.
There is no evident difference with or without cRGD and Mn+2, respectively. The
cause is not clear, but maybe a high unspecific binding of integrin to C10AAm5 is
responsible.
An estimation of the cRGD surface density can be made based on the amount of
available carboxy groups within the PNIPAAm-co-carboxyAAm thin films. Assuming
a complete saturation the cRGD spacings are 11.0 nm for C5AAm10, 9.8 nm for
C10AAm5 and 7.2 nm for C10AAm10. Neither all groups will be available for
functionalization nor are located at the interface. A simple answer to question 2
turned out to be connected with question 3.
Concerning question 3 (and question 2): This question can be answered by using
adherent cells as biosensors. Additionally, cells are known to be sensitive to the
cRGD surface density185. The cell area and cell shape in the initial adhesion phase
can be used as a read out as estimation for question 2. The cell growth rate is less
suited to be evaluated, as the cells produce their own matrix at later stages what
would blur the results. As cRGD spacings of 110 nm are enough to provide cell
attachment185, the used system was expected to be convenient for cell experiments.
69
4 Results and Discussion
a b c
Figure 4.18: Reflection mode cLSM images of HUVECs grown for 3 h on cRGD function-
alized C5AAm10. The concentration of cRGD used during carbodiimide anchoring was (a)
0.5 µgml−1, (b) 5 µgml−1, (c) 50 µgml−1. The red frame exemplarily outlines the cell
boundaries being used for subsequent quantification.
Images of the HUVECs adhering to cRGD funtionalized PNIPAAm-co-carboxyAAm
thin films are shown in Figure 4.18. Reflection mode of cLSM was used to image the
whole cell adhesion.
The cell adhesion was quantified regarding cell area and cell shape, presented
in Figure 4.19. Strongly adherent cells are homogenously spread in contrast to
loosely bound cells with thin and long protrusions. The smaller cell area and cell
roundness of C5AAm10 and C10AAm10 can be ascribed to the different swelling
state of the thin films during cRGD bonding (RT and pH 5), compare Figure 4.15
and Figure 4.16. Contrary to C5AAm10 being swollen, C10AAm10 is collapsed, and
cRGD peptides can only bind to carboxyAAM exposed to the surface leading to fewer
available peptides for cell adhesion. Both adhesion indicators showed an increase
with the feed concentration of cRGD and no further change above 25 µgml−1. This
finding points either at a saturated cRGD surface density at this concentration or
an exceeded cellular sensitivity. Either way, it was shown that the presented cRGD
peptides are functional. For estimating quantitative amounts, the observed cell
adhesion indicators can be compared with RGD densities needed to obtain similar
effects reported in literature. Obviously, the diversity of used systems in terms of,
e.g., kind of surfaces, RGD presentation, cell type or cell cultivation conditions only
allows a coarse estimation. Taking the observed transition of well-spread cell shape
at 25 µgml−1 as reference, comparable observations were made at RGD spacings
between 110 nm185 and 440 nm186. With these values the yield of bound cRGD in
the saturation regime above 25 µgml−1 per available COOH-group is between 1.6%
-10%, which is a reasonable ratio.
It is possible to adjust the balance between free carboxylic acid groups and spacer
length of the PNIPAAm-co-carboxyAAm in conjunction with the ideal amount of
bound cRGD as adhesion promoter. For an application of self cornea donation by in
vitro proliferation, a setup for cell sheet detachment of cornea endothelial cells is
currently under investigation.
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Figure 4.19: HUVEC cell growth on cRGD functionalized PNIPAAm-co-carboxyAAm
characterized by cell adhesion indicators. (a) cell area and (b) cell circularity (4π areaperimeter2 )
are shown for cells grown 3 h on C5AAm10 (black squares) and C10AAm10 (open circles),
respectively.
4.2 Bilayer Formation on Polymer Cushions
In the previous sections the PNIPAAm-co-carboxyAAM thin films were broadly
characterized and established as a versatile system with tunable multi-stimuli respon-
sive properties that can be functionalized with bioactive peptides. In the following
sections, the potential of this system to serve as a cushion for lipid bilayer will be
studied.
4.2.1 Bilayer Formation by Drying/Rehydration
The widely used approach to produce lipid bilayers on planar substrates by rupture
of LUVs 160 ( (95±32) nm for our system) was not successful for PNIPAAm-co-
carboxyAAM cushions. This fact provided a first hint for a weak interaction of the
lipids with the cushion as the LUVs adsorbed to the surface but did apparently not
reach a critical coverage to initiate vesicle rupture, which was only successful on
glass surfaces. Instead, LUVs prepared in deionised (DI) water were allowed to dry
to an amorphous lipid film on top of the cushion. Thereafter DI water was added to
rehydrate the lipids over night. This drying/rehydration procedure is frequently used
to obtain giant unilamellar vesicles (GUVs)187–189. We found that this procedure
additionally gave rise to a lipid bilayer on the cushion (see Figure 4.20). After gently
rinsing the GUV away, just the bilayer remained on the PNIPAAm-co-carboxyAAM
cushion as observed by cLSM. Interestingly, the drying/rehydration procedure was
not successful when either the polymer cushion (PNIPAAm homopolymer without
carboxy acrylamide comonomer) or the membrane (pure DOPC without DOTAP)
did not contain any additional oppositely charged groups. This observation points
to an electrostatic attraction that is needed for lipid membrane formation in terms
of an acidic cushion and a cationic lipid bilayer, which is consistent with reports
in the literature for the vesicle rupture approach both from experiments88,190–193
and simulations16,17,190. The cushioned membranes exhibited homogeneous films
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Figure 4.20: cLSM images illustrating the lipid bilayer formation on PNIPAAm-co-
carboxyAAM thin films. (a) and (c) are cross sections in the xz-plane and (b) and (d) are
images in the xy-plane. (a) and (b) were recorded after lipid rehydration but before rinsing.
Images (c) and (d) show the rinsed surface. The scale bar is 10 µm.
over areas of around  7 mm. Since for our studies on lipid mobility possible
nanometer-sized defects in the lipid bilayer below the optical resolution have no
serious implication, we did not rule them out by additional investigations using
impedance spectroscopy or scanning force microscopy.
4.2.2 Bilayers Weakly Interact with PNIPAAm-co-carboxyAAM
Besides the initial hints of a weak coupling of the bilayer with PNIPAAm copolymer
cushions from the bilayer formation, the diffusion coefficients obtained by FRAP
measurements (Figure 4.21b) supported this idea, too. Looking at the results in
DI water in Figure 4.21b, a slightly but distinctively higher mobility was found on
the polymer cushions compared to the glass references. Dlat on glass was between 4
and 5 µm2 s−1. The range of values reported in literature for comparable bilayers
composed of DOPC or natural egg PC on glass substrates is between 1 and 7 µm2 s−1
depending on the distinct setups 77,98,194–196. The higher lipid mobility of the
polymer cushioned bilayer results from the decreased coupling to the underlying
substrate. The frictional drag λ between a particle within the lipid membrane and
the substrate across the thin water lubricant layer can be estimated for weak coupling
using Equation 2.25. The frictional drag can be related to diffusion by the Einstein
equation Dlat = kBT/λ. A measure for the amount of frictional coupling is the
friction coefficient between the membrane and the substrate bs = ηW /dW . Assuming
ηM = 7 × 10−11 Nsm−1 91 the increase in lipid mobility (Dlat) from glassrehyd to
PNIPAAm copolymer in DI water (4.21b) can be explained by a decrease in bs by a
factor of ≈ 1.9 (Equation 2.25). The balance of intermolecular forces in coupling
the lipid bilayer to the polymer cushion was further affected by the transfer of the
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Figure 4.21: Lipid bilayer mobility on glass and PNIPAAm-co-carboxyAAM. (a) Typical
FRAP recovery curves with diffusion fits showed faster lipid diffusion on PNIPAAm-co-
carboxyAAM compared to glassrehyd. (b) Summary of mobilities in DI water and 150 mM
phosphate buffer at 25◦C. The error bars indicate the standard deviations of the FRAP
measurements.
cushioned lipid bilayer to a salt containing buffer solution (4.21b), which was used
for pH adjustment to control the swelling state of the PNIPAAm copolymer cushion.
The mobility on PNIPAAm-co-carboxyAAM increased from 5.7 µm2 s−1 in DI water
to 7 µm2 s−1 in buffer at 25◦C and even up to 9 µm2 s−1 at 40◦C (see Figure 4.22),
while it remained on the same level for lipid bilayers on glass.
Since the addition of salts has the same effect on the inner characteristics of the
lipid bilayer for both supports, the reason for the different mobility has to originate
from changes in the intermolecular forces between the bilayer and the substrate.
This idea is supported by molecular dynamics simulations of free DMTAP/DMPC
membranes (only differences are saturated fatty acid chains) showing no significant
dependence of lipid diffusion on the concentration of NaCl197. At such a high ionic
strength the extremely small Debye screening length in the range of 0.8 nm shields
to a great extent the attractive electrostatic interactions between the bilayer and
the PNIPAAm-co-carboxyAAM cushion. The frictional coupling bs decreases by a
factor of up to 5.2 (Equation 2.25) for the cushioned bilayer in comparison to the
glass supported one. In this state, the bilayer is probably only weakly attracted
by dispersion forces. They are expected, although attractive, to be very weak
due to the thick polymer cushion (≈20 nm thick in collapsed state) preventing
any significant contributions from the underlying glass support. The attractive
dispersion forces of the polymer cushion are rather low because of its hydrated state
(Hamaker constant estimate A = 1× 10−21 J). As a note, also collapsed polymers
are still hydrated to some extent. The Hamaker constant is proportional to the
interaction energy between two walls, see Equation 2.29. In accordance with the two
main interaction components – electrostatic interaction and dispersion forces – being
screened, we observed the appearance of holes of up to 20 µm in the lipid membrane
indicating partial loss of supporting function of the polymer cushion. In contrast, the
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Figure 4.22: ‘Diffusion maps’ of the investigated surfaces in dependence on variation
of temperature and pH. The values of the diffusion coefficient Dlat are indicated by the
grayscale bar.
bilayer coupling for glass substrates can be assumed to be much stronger. This fact
results from the higher dispersion force (A = 6× 10−21 J69) and the electrostatic
interaction with the highly negative charged solid glass support that is shielded
to a lesser extent by ions at the small separation distance of ≈ 1 nm. In this
context, it has to be mentioned that additional charge formation by unspecific ion
adsorption as a frequent phenomenon for the emergence of electrostatic interactions
does not occur at the PNIPAAm cushion interfaces as reported from electrokinetic
measurements51. Interestingly, Smith et al. (2009) reported a prolonged stability of
DPPC and DPPE bilayer on PNIPAAm cushions that, however, certainly arose from
coexisting liquid-ordered and -disordered domains of these phospholipids just below
its main phase transition temperature. It is worth to discuss the absolute values
of the measured lipid diffusion coefficients on the PNIPAAm copolymer cushion.
While our measurements on glass reveal values comparable to reports found in
literature77,91,98,194–196,198, we find Dlat on PNIPAAm-co-carboxyAAM cushions
almost twice as high due to the weak coupling to the support. Such values are
quite high for supported lipid bilayers in comparison to values of ≈ 20 µm2 s−1 for a
free-standing (black) membrane and GUVs91,199.
4.2.3 Diffusion Maps on PNIPAAm-co-carboxyAAM
To better visualise the characteristic response in respect to temperature and pH
induced swelling of the cushion, Figure 4.22 shows ‘diffusion maps’ in analogy to the
’swelling maps’ (Figure 4.15). The comparison of Dlat on PNIPAAm copolymer with
its swelling state (see Figure 4.15) revealed no correlation. However, this result agreed
with the finding of a weak bilayer coupling to PNIPAAm-co-carboxyAAM cushions.
Apparently, changes in swelling state have a negligible effect on the coupling of the
bilayer to the cushions and therefore the frictional drag between both.
Although very minor, a slight tendency of low mobility for low temperature and
pH and high mobility for high temperature and pH on PNIPAAm-co-carboxyAAM
cushions as well as on glass is worth to be mentioned, which would suggest changes
of the inner lipid membrane viscosity and mobility. An impact of phase transition
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in the lipid bilayer can be excluded as it occurs at much lower temperatures and
pH-values. The gradual and weak temperature dependence of the lipid mobility could
be caused by lower ηM and increased Brownian motion at elevated temperatures,
see Equation 2.25. Previous studies found that the headgroup conformation and
hydration and by that the spatial arrangement of different DOPC/DOTAP mixtures
change due to altered electrostatic interactions. The higher packaging density with a
maximum at 30mol% DOTAP could be correlated to a decreased lipid mobility as a
consequence of less free volume200,201. Our experimental data suggest that not only
the mixing ratio, but also the pH determines the electrostatically driven compression.
But as the variance in our experiment was quite high no definite conclusions can be
drawn at this time.
4.2.4 Bilayer Cushioned by Maleic Acid Copolymer Thin Films
Compared to PNIPAAm-co-carboxyAAM, maleic acid (MA) copolymer thin films
have very different physicochemical properties and, hence, exhibit markedly different
swelling characteristics, surface charge formation, surface energy etc.159. The special
feature of MA system is the possibility to define the polarity of the surface by the
appropriate choice of side groups without changing the basic structural chemistry.
Also a responsiveness of thickness towards changes in pH has been found. Bilayer
formation on MA was shown to crucially depend on an optimal balance of attractive
and repulsive interactions between LUVs and MA cushion. In the presence of Ca2+
ions for bridging effects and at pH 4, bilayer formation by vesicle rupture could be
shown for e.g. PC:PE:PS:Chol 5:1:2:2, DOPC:DOTAP 9:1 and pure DOPC11,98.
The degree of cushion polarity defines the hydrophilicity and was found to correlate
with bilayer formation kinetics and lateral lipid mobility. Especially the high surface
charge density is a main distinction compared to PNIPAAm-co-carboxyAAM. MA
as an alternating copolymer has two carboxylic acid groups in the hydrolysed state
per repeating unit and the COOH density is considerably higher. Detailed analyses
of bilayer features studied on MA cushions can be found in Renner (2009). Due
to these distinct properties, MA copolymer cushions were chosen as an alternative
pH-resonsive lipid support.
The bilayer formation of a lipid mixture DOPC:SM:Chol 2:2:1 was examined and
the mobility was measured by FRAP, see Figure 4.28. This mixture was chosen
for the better suitability in integration experiments of transmembrane proteins as
reported later in Section 4.3. Two different bilayer preparation techniques were
compared, drying/rehydration and vesicle rupture, the latter in three different buffers.
When buffered in HEPES, bilayers only formed on glass. In accordance to the work
of Renner (2009), bilayer formation was achieved in a pH 4 saline, but also DI water
turned out to enable vesicle rupture on MA cushions. Absolute values for Dlat
are smaller in comparison to the reports of Renner et al. (2008) as different lipid
mixtures were used. However, the trend that diffusion coefficients are highest on
glass followed by PEMA and POMA agree to the former work. The lipid mobility
depends on the frictional coupling, which in turn is a function of polymer polarity in
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Figure 4.23: Lipid mobility of bilayers containing DOPC:SM:Chol 2:2:1 in dependence on
support and preparation technique / used buffer system. For HEPES, there was bilayer
formation only directly on glass.
conjunction with swelling degree and interfacial water constitution. Slightly higher
values for LUV rupture in H2O can be ascribed to reduced electrostatic interactions.
A functionalization with cRGD was done in the same way as for PNIPAAm-co-
carboxyAAM at a feed concentration of 50µgml−1. A slight decrease of Dlat for
PEMA and a slight increase for POMA points to a convergence in polarity of both
cushions upon cRGD modification. The bilayer formation by drying/rehydration
was also successful, however the low mobility on POMA was not be observed with
this preparation method. The reason for this behavior is possibly connected with
the similarity between the octadecene side groups of POMA and the fatty acid
residues oleoyl (18:1) of DOPC and octadecanoyl (18:0) of the lipids. Upon the
drying/rehydration process hydrophobic interactions between lipids and POMA could
lead to monolayer structures or aggregates of lipids anchored to POMA forming
underneath the lipid membrane. This additional lubricant film could explain the
lower frictional drag.
4.3 Integrin α5β1 Integration into Cushioned Lipid Bilayer
In Section 4.2.1 the bilayer formation was shown to be possible on PNIPAAm-co-
carboxyAAM with a drying/rehydration method in combination with positively
charged lipid bilayers. However, like most biological membranes75, the endothelial
plasma membrane has a lipid composition202 rendering its net charge negative.
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Figure 4.24: Adsorption of DOPC:SM:Chol 2:2:1 on PNIPAAm-co-carboxyAAM both with
and without cRGD functionalization. LUVs were incubated 2 h at 40◦C in HEPES buffer
pH 7.25 , rinsed, and imaged at 40◦C to maintain the swelling states. The photobleached
square was not recovering indicating no bilayer formation. Image size is 194 µm.
When reconstituting membrane proteins in artificial bilayers, the charge is an
important factor for proper protein functionality. Thats why DOPC/DOTAP is
unappropriate for this purpose. The mixture DOPC/SM/Chol 2:2:1 has been used
instead. Cholesterol was found to increase the yield of integrin reconstituted into
SUVs and is important for integrin clustering142.
4.3.1 Integrin in Bilayers on PNIPAAm-co-carboxyAAM
The results of LUVs of DOPC/SM/Chol 2:2:1 after incubation onto two PNIPAAm-
co-carboxyAAM are shown in Figure 4.24. There was nearly no adsorption of LUVs
to C5AAm10 as the polymer was in swollen state, contrary to C10AAm5. The cRGD
functionalization was used as a control for further experiments and had no major
influence on the adsorption. There was no bilayer formation by vesicle rupture.
Experiments with the same conditions were carried out with integrin α5β1 pro-
teoliposomes. It was expected that an increased interaction of integrin with the
surface, whether specifically with cRGD or unspecifically, would induce liposome
rupture and bilayer formation. This expectation was not met, instead no bilayers
formed with results similar to Figure 4.24(data not shown).
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Figure 4.25: Photobleaching recovery experiments of bilayer formed on PNIPAAm-co-
carboxyAAm (C10AAm5, cRGD functionalized) with incorporated α5β1 integrin after
drying/rehydration. The lipid mixture was DOPC:SM:Chol 2:2:1 and 1 mM Mn2+ was
added to the medium. Image size is 129 µm.
In the same way like for the DOPC/DOTAP bilayer formation, the proteoliposomes
were allowed to dry on the surface and rehydrated afterwards. This procedure resulted
in bilayers as analyzed by cLSM shown in Figure 4.25. A complete recovery of the
bleached square of the fluorescent lipid indicates bilayer formation. The fluorescence
of the labeled integrin did not recover, even after one day. Irrespective of cRGD
functionalization integrins pinned to the surface. The reasons could be denaturation
as a result of the dehydration process. But according to literature reports, this
harsh treatment does not necessarily lead to denaturation. The drying/rehydration
method has been used to reconstitute membrane proteins in a functional state in
lipid bilayers to produce GUVs, including GPI-anchored PLAP189, Ca2+-ATPase
and bacteriorhodopsin188, the mechanosensitive channel of large conductance MscL,
the lipid-anchored oligopeptide binding protein OppA, the oligopeptide translocator
complex OppBCDF, and the secondary lactose transporter LacS187. Electrostatic
interactions between integrins and the PNIPAAm-co-carboxyAAM cushion could be
involved in surface pinning. This aspect is discussed below in Section 4.3.3.
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Figure 4.26: Images of a FRAP experiment performed on lipid bilayers (DOPC:SM:Chol
2:2:1) formed on PEMA. Image size is 60 µm.
4.3.2 Integrin in Bilayers on MA Cushions
In Figure 4.26 the resulting bilayer after proteoliposome incubation on PEMA is
shown. A complete bilayer formed and its mobility was confirmed by FRAP. However,
the fluorescently labeled integrin did not show any recovery. It is the same situation
as discussed for Figure 4.25 with integrin being immobilized.
On POMA integrin was not mobile as well, see Figure 4.27. But in contrast to
PEMA, patchy structures formed that were complementary regarding the lipid label
DIO and integrin shortly after preparation. The used lipid composition is known
to exhibit macroscopic phase separation and is used as a typical raft mixture104,203.
The used fluorescence lipid analogue DiO preferentially enriches in the ld phase. The
mobility within the phases differs and is ≈ 10-times slower in the lo phase204. The
observed heterogeneity could be a hint for phase separation. However, the edges are
smeared and the patches slowly diffuse over time. After 16 h the bilayer appears
almost homogenous, but the complementary patchy structure of the adsorbed integrin
was maintained. The patches appeared regardless of the cRGD functionalization
and seemed most pronounced on samples without the addition of Mn2+. In fact,
lipid rafts were reported to be involved in integrin function and organization, with
integrin α5β1 preferably sequestering into non-raft domains205–207. We can assume
a scenario, where integrins being enriched in the ld phase of the phase separated
system at the end of the bilayer formation. With the passing of time mobile lipids
might be able to homogenously distribute by diffusion, while the pinned integrins
remain in the initial pattern. Yet, a satisfactory explanation for this observation
was not found.
Ignoring the immobile integrins, the mobilities of the bilayers formed on the
MA substrates have been analyzed, see Figure 4.28. On glass as reference the
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Figure 4.27: Patchy structures formed by integrin α5β1 proteoliposomes on POMA surfaces
functionalized with cRGD. Images of a photobleached square were taken immediately after
and 16 h after bleaching of lipid bilayers. The darker regions in the upper-left and lower-right
corner stem from a slight tilt of the sample relative to the imaging plane. Image size is
194 µm.
lipid mobility was nearly identical with and without integrin. On PEMA, the lipid
mobility was altered in dependence of cRGD functionalization with 0.48 µms−1 and
0.15 µms−1 each slightly slower than in water. As described above, the mobility on
POMA strongly dropped to only 0.004 µms−1. In summary, the most important
finding was that integrin promotes bilayer formation on MA cushions by liposome
rupture (in contrast to PNIPAAm-co-carboxyAAM). Bilayers did not form without
integrin on MA when immersed in HEPES buffer. They only formed without integrin
on control glass-surfaces. Apparently for MA the increased interaction induced by
the membrane-incorporated integrins was responsible for bilayer formation. However,
the goal to incorporate integrin in a mobile state into supported membranes could
not be achieved in our case.
4.3.3 Considerations of Integrin Membrane Incorporation
There are several reports of αIIbβ3 and α5β1 integrin integration into solid-supported
lipid bilayers in an immobile state86,128. Despite the direct contact with the solid
substrate some of the RGD binding characteristic was shown to remain. The
strengthening of the RGD-integrin connection upon applying a pulling force like
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Figure 4.28: Impact of the integration of α5β1 integrin on lipid bilayer mobility on maleic
acid copolymers measured by FRAP. The values of lipid mobility without integrin in H2O
and HEPES are given as reference. The extremely slow diffusion on POMA with integrins
was measured only once and assigned to the according results. To avoid confusion: the
integrin was immobile, only lipid mobility was measured.
catch bonds was demonstrated128. For the current work, the incorporation of
integrins into lipid bilayers cushioned by PNIPAAm-co-carboxyAAM was only
successful by using drying/rehydration. This procedure is a harsh treatment for
the elaborately designed integrin and is most probably the reason for the observed
immobility due to aggregation and denaturation.
Cellulose films of 5 nm height were successfully demonstrated to provide cushions
for bilayer to maintain αIIbβ3 integrin mobility8,22,208. Using this system it could be
shown that adhesion strength to RGD functionalized surfaces increases when integrins
are mobile, due to increased concentration of integrins at adhesion sites. However,
the orientation of integrins within the cushioned bilayer towards the aqueous phase
or the cellulose film was random due to the preparation technique. That means that
a substantial contribution of the support of the bilayer stems from the extracellular
domain of integrins pointing to the cushion, which was reflected in an immobile
fraction of 75%. With the proteoliposome fusion technique, our system was not
orientation selective as well. But obviously, also the interaction between the small
cytoplasmic domain and the MA copolymer was too strong to allow free motion.
Recently, the MA copolymer system was used as polymer cushion for membranes
containing the β-amyloid cleaving enzyme (BACE)11,12. In this study, increased
cushion hydrophilicity was shown to result in increased lipid mobility and enhanced
enzyme activity compared to immobile BACE on in solid-supported bilayers. In
contrast to integrin, BACE has a small cytoplasmic domain and does not tend
to laterally aggregate to form clusters, which could explain the difference in the
mobility state. Obviously, the success of cushioned bilayers to incorporate mo-
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bile transmembrane proteins depends on the kind of the protein with its specific
properties.
When looking at the chemical structure, integrin β1 subunit consists of 778 amino
acids, 23 of them form the helical transmembrane domain and the cytoplasmic region
consist of 47 amino acids (5.6 kDa). The α5 subunit consists of 1008 amino acids,
26 form the transmembrane domain and 28 are cytoplasmic (3.1 kDa)209. To get an
idea of the size of these two cytoplasmic domains, one can calculate their minimal
spherical diameter. Assuming an average peptide density of 1.37 g cm−3 210, the
corresponding diameter is 2.8 nm. This relatively big cytoplasmic domain has to be
considered to hamper the diffusion within a cushioned system that relies on highly
hydrated polymer chains to decrease frictional coupling. In addition, electrostatic
interaction could play a role since the isoelectric points of the cytoplasmic domains
are 9.4 for β1 and 9.8 for α5. At neutral pH these domains are cationic and the
used polymer cushion systems, PNIPAAm-co-carboxyAAM and MA copolymer, are
anionic polyelectrolytes. It follows, that considerable electrostatic interactions arise
between the closely spaced cytoplasmic domain and MA copolymer chains.
Lipid-tethered bilayers based on poly(oxazoline) modified lipids were used for
the incorporation of the integrins αIIbβ3, α5β1 and αvβ3 by combining Langmuir-
Blodgett, Langmuir-Schaefer and proteoliposome fusion26,207. Both tether density
and tether length were shown to influence integrin mobility. For the current system,
an alternative approach to combine lipid-tethered bilayers, used successfully as
host for integrins, with the stimuli-responsive cushion would be the adaption of
PNIPAAm-modified spacer as tethers. Hydrated polymers form a soft reservoir
space, which decouples the bilayer from the substrate. It is controlled by the linker
length, which was shown to influence mobility of the membrane211,212. Using PNIP-
AAm-co-carboxyAAM as lipid tethers would combine the enhanced stability of the
surface bound bilayers with the temperature and pH responsive tunability of the
polymer interlayer.
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A temperature- and pH-responsive polymer cushion was designed and shown to
support planar lipid bilayer membranes with almost unimpaired mobility. It was
intended to incorporate transmembrane proteins while maintaining mobility.
Supported lipid bilayer membranes are used as model systems to mimic the
native environment of cellular membranes in respect to the ECM and intracellular
structures. Polymer cushioned bilayers provide the opportunity to functionally
reconstitute membrane proteins by creating space for extramembrane protein domains
in the hydration water interlayer. With the aim to actively tune lipid membrane
characteristics, the approach was followed to use temperature- and pH-responsive
polymer thin films of PNIPAAm-co-carboxyAAM as cushions for supported lipid
bilayers.
The results can be divided into three parts. In a first step stimuli-responsive
polymer cushions were produced, that allow a tunability of the cushion swelling
state due to a temperature- and pH-dependent polymer phase transition. Second,
lipid bilayers were formed on the cushions and their lateral mobility was examined
in response to the swelling state. In the third step, transmembrane proteins were
integrated into cushioned bilayers.
A temperature- and pH-responsive polymer based on PNIPAAm-co-carboxyAAM
copolymers containing varying amounts of carboxyl-group-terminated comonomers
at different aliphatic spacer lengths was surface-grafted on PGMA anchorage layers.
The brush-like conformation of swollen PNIPAAm-co-carboxyAAm thin films was
verified by scaling arguments comparing the grafting density with the polymers
radius of gyration. The confinement constraints are known to enhance adhesive or
anti-adhesive behavior and lead to low frictional lubrication177. AFM measurements
revealed domains of around 40 nm in diameter and 5-15 nm in height that mostly
vanished upon swelling, which was reflected in the reduction of the RMS roughness
(2.9 nm to 0.83 nm) and is indicative for a mushroom-to-brush transition. The
swelling transitions were characterized by ellipsometry and QCM-D and found to be
tunable over a wide range of pH and temperature. In agreement with the behavior
of the polymers in solution27, longer alkyl spacer decreased TP and higher contents
of carboxylic acid terminated comonomers increased TP at alkaline conditions and
decreased TP at acidic conditions. Remarkably, the point where the degree of car-
boxyl group deprotonation balances the TP -lowering effect of the alkyl spacer was
distinctive for each alkyl spacer length (for C10AAmy ≈ pH 7/30◦C; C5AAmy ≈
pH 4.7/ 30◦C; C2AAmy lies outside measured pH range). These findings illustrate
how the local and global balance of hydrophilic and hydrophobic interactions along
the copolymer chain allows to adjust the swelling transition to temperatures below,
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comparable, or above those observed for PNIPAAm homopolymers. An overview
presented as ’swelling maps’ allows to reliably choose an appropriate system for
potential applications. Additionally, it could be shown that surface-grafting leads to
a decrease in TP for PNIPAAm homopolymers (7◦C) and copolymers (5◦C -10◦C).
The main reason is the increase in local polymer concentration of the swollen film
constrained by dense surface anchorage in comparison to the behavior of dilute free
chains in solution. In accordance with the Flory-Huggins theory, TP decreases with
increasing concentration up to the critical concentration. Turbidimetric measure-
ments of homo- and copolymers in solution confirmed this finding and revealed a
stronger concentration dependence of TP for PNIPAAm-co-carboxyAAM at alkaline
conditions, which is explained by a reduced ionization of carboxyl groups at elevated
concentrations. Biological functionalization of the PNIPAAm-co-carboxyAAm thin
films was demonstrated for the cell adhesion ligand peptide cRGD via carbodi-
imide chemistry. The successful mimicry of extracellular binding sites for the cell
adhesion receptors integrin was demonstrated by cell experiments. The outcome
of QCM-D measurements of cRGD-functionalized surfaces showed a maintained
stimuli-responsiveness with slight reduction in TP . For cell detachment purposes,
a fine-tuned balance between free carboxylic acid groups, the spacer length of the
PNIPAAm-co-carboxyAAm in conjunction with the appropriate amount of bonded
cRGD as adhesion promoter was found. These results are currently translated by
coworkers into a promising application for the detachment of cornea cell sheets
upon thermoresponsive switching. The results of the investigated set of PNIPAAm
copolymer films suggest their application as temperature- and pH-responsive switch-
able layers to control interfacial phenomena in bio-systems at different physiological
conditions.
In the second part, a drying/rehydration procedure of a 9:1 lipid mixture of the
cationic lipid DOTAP and the zwitterionic DOPC was utilized to form lipid bilayer
membranes on PNIPAAm-co-carboxyAAM cushions. FRAP revealed that lipid
mobility was distinctively higher ((6.3 - 9.6) µm2 s−1) in comparison to solid glass
support ((3.0 - 5.9) µm2 s−1). In contradiction to the initial expectations, modulation
of temperature and pH led to poor variations in lipid mobility that did not correlate
with the PNIPAAm cushion swelling state. The results suggested a weak coupling
of the lipid bilayer with PNIPAAm polymer cushions that can be slightly tuned
by electrostatic interactions. It should be emphasized that very high Dlat were
found for PNIPAAm-co-carboxyAAM cushioned bilayers in comparison to values
of ≈ 20 µm2 s−1 for free-standing (black) membranes and GUVs91,199. Hence, the
PNIPAAm copolymer cushion investigated herein represents an interesting platform
to support lipid bilayer membranes with almost unimpaired mobility.
Finally, the transmembrane adhesion receptor α5β1 integrin was reconstituted into
liposomes consisting of DOPC/SM/Chol 2:2:1 for the formation of polymer cushioned
bilayers. PNIPAAm-co-carboxyAAM and MA copolymer were used as cushions, both
with the option for cRGD functionalization. On the MA copolymer cushions, fusion
of proteoliposomes resulted in supported bilayers with mobile lipids as confirmed by
FRAP. However, incorporated integrins were immobile. In an attempt to explain
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this observation, the medium-sized cytoplasmic integrin domain was accounted to
hamper the movement by steric interactions with the underlying polymer chains in
conjunction with electrostatic interactions of the cationic cytoplasmic domain with
the oppositely charged MA copolymer. On the PNIPAAm-co-carboxyAAM cushion
only a drying/rehydration procedure lead to bilayer formation. However, again the
integrins were immobile, presumably due to the harsh treatment during preparation.
Nevertheless, the PNIPAAm-co-carboxyAAM cushioned bilayer system represents a
first accomplishment in the direction of extrinsically controlled membrane–substrate
interactions.
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Figure A.1: QCM-D hysteresis test. The temperature dependent response of frequency
shift ∆ f (black symbols) and dissipation shift ∆ D (open symbols) is shown for two crystals
measured simultaneously. The actual temperature of the QCM-D chamber is shown in the
lower part.
A.1 No Hysteresis for Temperature Cycles in QCM-D
To test if there was a hysteresis of temperature, measurements were done during
decreasing and increasing the temperature of the measuring chambers in DI water.
In Figure A.1 the results for two crystals are shown. A bare SiO2-crystal is compared
with a C2AAm5 coated one. Starting at 40◦C, the temperature was decreased by
steps of 5◦C down to 15◦C and increased by the same steps thereafter. At the same
temperatures the levels of ∆ f and ∆ D are identical. This demonstrates that there
is no hysteresis. Remarkably, when comparing values in the beginning and the end,
there was no shift in frequency nor dissipation over a period of 5 hours.
These findings are in contradiction to Liu and Zhang 174 , who found a hysteresis
between heating and cooling of PNIPAAm brushes. The reported PNIPAAm was
prepared in a grafting-from approach. They mainly attributed the hysteresis to
entanglement in the collapsed state and differences in the swelling profile during
heating and cooling.
In Figure A.1 the frequency of the C2AAm5 coated crystal decreases, indicating a
gain in mass of the copolymer film according to the Sauerbrey equation (Equation 3.1).
However, the temperature dependence has to be taken into account. Due to the
special AT-cut and the right choice of the cutting angle of the sensors213 the
temperature dependence can be minimized in the desired working range (around
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RT). The remaining temperature dependency is caused by temperature associated
changes in density, viscosity and shear modulus of the probed surface vicinity as
can be seen for the SiO2-crystal in Figure A.1. Upon increasing the temperature
there is a delay in the response of ∆f and ∆D. The comparison to the temperature
curve shows the mass to be heated is mainly responsible for that delay. The kinetic
response of ∆f and ∆D is in the same time range, pointing towards a negligible
delay due to the response of the polymer swelling. The delay time is shorter when
changing the pH of the streamed buffer (approx. 2 min; see Figure 4.7). But as the
QCM-D chamber volume is 40 µl at a flow rate of 100µl min−1, the time needed to
change the pH is on the same time scale.
A.2 Voinova Model for QCM-D
citetaliasVoinova1999 solved the wave equation for shear waves propagating into
viscoelastic material, starting from the Navier-Stokes equations describing fluid
motions:
µ∗
∂2ux(z, t)
∂z2
= −ρω2ux(z, t) (A.1)
with the complex shear modulus µ∗ = µ+ iωη, the angular frequency ω = 2πf and
the shear viscosity η. The shear stress that is effective at the crystal surface as a
result of oscillations is a result of the shear stress distribution in the bulk material.
The assumption that a viscoelastic element is composed of a spring and a dashpot
in parallel is taken from the Kelvin-Voigt model:
σxz = µ
∂ux(z, t)
∂z
+ η
∂vx(z, t)
∂z
(A.2)
ux is the displacement and vx is the velocity in x-direction. When applying the
no-slip condition at the surface and the interlayer and assuming no constraints at the
surface, the following solution can be found, specified for one layer with thickness
h162,214:
∆f = Im(Cf κξF
1−B
1 +B
) (A.3)
∆D = −Re(CD κξF
1−B
1 +B
) (A.4)
where
B = e2ξF h
κξF + ηLξL tanh(ξLh)
κξF − ηLξL tanh(ξLh)
(A.5)
ξF =
√
−ρFω2
µ∗F
ξL =
√
i
ρLω
ηL
κ =
µ∗F
iω
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Figure A.2: Decay length of the acoustic wave. (a) Scheme of wave oscillations and the
wave amplitude penetrating into the film layer of hight h and overlaying medium. The
penetration decay amplitudes (dashed lines) are described by δL and δF , where the intensity
dropped to e−1. They depent on the material properties and are combined for better
characterization in one parameter, the effective penetration depth δeff (black line). The
scheme is based on Voinova et al. (1999), Ferreira et al. (2009)). (b) Visualization of δL
(green mesh), δF (blue) and δeff (red) as function of layer thickness h and shear viscosity ηF
simulated with Equations (A.6) to (A.8). The parameters were: f = 5 MHz, µF = 104 Nm2,
ρF = ρL =1000 kgm3, ηL =1 mPa s.
with the crystal dependent constants Cf = (2πρQdQ)−1 and CD = (πfρQdQ)−1.
The index ’L’ refers to the bulk liquid and ’F’ to the film layer, respectively.
The knowledge about penetration depth δ of the acoustic wave is crucial to
understand and interpret the acquired data. Acoustic waves are just mechanical
waves in matter with elastic properties. In solids they can spread transversal and
longitudinal, in gases or liquids only transversal. In the equations above, ξ contains
a formulation of δ. For a bulk liquid, the distance δL an acoustic wave travels until
the amplitude decays by the factor e (Euler constant) is162:
δL =
√
ηL
πfnρL
(A.6)
Both the viscosity ηL and density ρL of the liquid determine the acoustic damping.
This relation holds for the case of a thin film compared to the penetration depth.
But especially for swelling polymer films the contribution of the decreasing damping
needs to be considered. δF is larger than δL, since a viscoelastic medium owns the
property of rigid metrials to bear a shear modulus. For a bulk viscoelastic medium,
the penetration depth is216:
δF =
√
2ηF
ωρF
√
1 + χ2√
1 + χ2 − χ
(A.7)
with
χ =
µF
ωηF
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To account for both contributing penetration depths, an effective penetration
depth δeff is linearly interpolated by weighting their impact by the film thickness in
relation to δeff . The determination is recursive:
δeff,n+1 =
h
δeff,n
δF +
δeff,n − h
δeff,n
δL (A.8)
Additionally, the dissipation signal reflects the damping of the attached matter
due to internal friction. It can be used as an indicator of the swelling state as shown
in Figure 1b, since a rise in dissipation corresponds to increasing viscoelasticity of
the surface-bound material214,215.
A.3 Simulation of QCM-D Data
For thin and rigid films the Sauerbrey equation (Equation 3.1) can be used for mass
and thickness determination where ∆f ∝ h. If energy is dissipated by viscoelasticity
of the film layer at a minor amount, simple models can be used for fitting the involved
parameters162. However, if the thickness is in the order of the penetration depth
of the acoustic wave unusual effects can be observed. It is not possible to directly
deduce material thickness and properties from ∆f and ∆D values as the acoustic
wave propagation changes non-linearly and depends on the penetration depth (see
Equation A.8). The penetration depth in turn is subject to temperature, density and
viscosity of the layers. So modeling of ∆f and ∆D faces many problems. Different
approximations and assumptions are needed for the system under investigation.
A complete solution of the wave propagation and mechanical properties of the
involved layers has to be applied. Such relations were found by Voinova et al. (1999)
as described in section A.2. The wave penetration depth depends on mechanical
properties of the thin film, shear viscosity ηF and shear modulus µF . The range of
values for the shear viscosity of PNIPAAm is very broad: ≈ 1 mPa s for 1% solution,
≈ 5 mPa s for 5% solution and ≈ 20 mPa s for 10% solution at TP and additionally
sensitive to temperature with a minimum at TP 217. One has to be aware that the
polymers are bound to a surface in our case. The local polymer concentration will
be lowest in the fully swollen state and always be above this limit in intermediate
and collapsed states. Assuming realistic values (swelling degree 5-10; PNIPAAm
density 1.25 g cm2) this limit is 11-20%. Following these considerations, ηF is larger
than 20 mPa s and will increase for collapsing films.
For the shear modulus, Laloyaux et al. (2010) reported for temperature and pH
responsive brushes of poly(di(ethyleneglycol)methylethermethacrylate) values of
0.3− 2.4 · 106Nm2. Chang (2009) found values of 6 · 104Nm2 for swollen PNIPAAm
hydrogels (concentration of ca. 7.5%) and 18 · 104Nm2 in the collapsed state. Both
the viscosity and the shear modulus are concentration and temperature dependent
and with it depending on the swelling degree. Obviously, fitting the QCM-D data to
extract h depends on many parameters leading to a low reliability and high range of
variation.
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Table A.1: Maximum film thicknesses of PNIPAAm-co-carboxyAAm thin films calculated
from atomic bonding lengths. For the carboxy end-functionalized PNIPAAm homopolymer
the maximum chain length is 129 nm.
AAm2 AAm5 AAm10
C2 344 nm 311 nm 284 nm
C5 303 nm 401 nm 292 nm
C10 309 nm 277 nm 246 nm
Instead of fitting, the frequency and dissipation response was numerical simulated
to obtain a qualitative picture (Figure A.3). Indeed, the response reproduces an
inversion of the ∆f with increasing thickness h for small ηF . At slightly higher h, also
∆D has a maximum. This phenomenon is more pronounced at higher overtones. The
simulation of QCM-D data is in accordance with experiments shown in Figure 4.7.
A.4 Contour Length of PNIPAAm-co-carboxyAAm
Chains
The maximum film thickness can be estimated by summation of the length of bonds
of the polymer chain giving the contour length. In a simplifying assumption, a
tetrahedral C–C bonding with an angle of 109.5◦ and a bonding length of 0.154 nm
results in an average length of 0.126 nm per carbon atom in the polymer backbone.
With the degree of polymerization, i.e. the average number of monomers the chain
length can be calculated. The weight average molecular weight MW was used
instead of number average MN for the calculations, since it is more representative
for the larger molecules within the length distribution of the polymers that are more
important the thin film thickness. The obtained values are shown in table A.1.
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A.4 Contour Length of PNIPAAm-co-carboxyAAm Chains
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Figure A.3: Simulated frequency and dissipation shift as a function of film height h and
shear viscosity ηF for the crystal oscillating in bulk liquid. The parameters are the following:
ρF = ρL =1000 kgm3, ηL =1 mPa s, µbr = 100 kPa. Note that the frequency shift is
multiplied by (-1).
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